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Abstract                                               
Nowadays the global earth surface temperature has increased by 1 ºC 
above pre-industrial levels due to the global warming caused by 
greenhouse gases emissions. The combustion of fossil fuels is the main 
contributor. In this context hydrogen is an excellent energy vector because 
its combustion only produces water. However, most of the hydrogen is 
currently produced by steam reforming from fossil fuels. This process is 
energy intensive, and it also involves the emission of greenhouse gases. 
The potential to produce hydrogen from alternative and green technologies 
has been widely investigated; among all, water electrolysis takes the 
leading role. Complementarily, hydrogen can be produced from 
photoreforming of gas or liquid wastes using sustainable technologies, 
such as photocatalysis. This is a way to harvest the sunlight energy and 
store it in form of solar fuels. In this doctoral thesis new strategies for the 
photocatalytic generation of hydrogen have been investigated.  
First, a thorough review of the related literature about photocatalytic 
hydrogen production was carried out in chapter 3.1, providing an 
integrated overview of the different, heterogeneous, homogeneous and 
hybrid photocatalytic systems. The mechanisms of the different systems 
were described. The elementary units that take part in the photocatalytic 
process and their roles were categorized. Moreover, the influence of the 
experimental conditions on the process was analyzed and a critical 
comparison in terms of hydrogen generation rate was developed. 
The use of TiO2 as photocatalyst in heterogeneous systems has been widely 
studied. Although it is highly photoreactive, cost-effective, and chemically 
and thermally stable, the use of TiO2 is limited by the high electron-hole 
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recombination rate and the activation restricted by visible light. Noble 
metals, such as platinum, have been coupled with TiO2 fabricating 
photocatalysts with higher photoreactivity as they can reduce the charge 
recombination rate and increase activity under visible light. However, the 
scarcity and high cost of noble metals limit their large-scale application. In 
order to overcome this issue, research efforts have been focused on the use 
of noble metal-free materials. In this way, synthesis of composite 
photocatalysts with graphene oxide (GO) has been carried out in chapter 
3.2. GO can be partially reduced to graphene which has large surface area 
and excellent electrical conductivity. These features can enhance the 
hydrogen production. 
Another barrier for the implementation of this technology is the separation, 
recovery, and reuse of TiO2 nanoparticles after the photoassissted process. 
Photocatalyst immobilization on polymeric membranes would avoid this 
recovery step. This work has evaluated in chapter 3.3 three immobilization 
techniques that are worth considering, such as spraying, dip-coating, and 
solvent-casting because they are cost-effective methods and the mild 
synthesis conditions do not provoke changes in the structure of the 
composite. 
Although heterogeneous photocatalytic systems are closer to large-scale 
application, homogeneous systems offer the highest hydrogen production 
rates. In the last decade, the hydrogenase mimic molecules have shown 
great performance as catalyst in homogeneous systems. One of the main 
problems in these systems is the poor stability of the photosensitizers, 
especially the noble metal free photosensitizers. Hybrid systems may 
overcome this issue by combining semiconductors as photosensitizers and 
molecular catalysts. On this basis, hybrid systems composed of a biomimic 
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hydrogenase molecule as catalyst and CdSe or CdTe quantum dots (QDs) 
as photosensitizer have been studied in chapter 3.4. 
















Actualmente la temperatura de la superficie terrestre se ha incrementado 
en 1 ºC sobre los niveles de la época preindustrial debido al calentamiento 
global provocado por las emisiones de gases de efecto invernadero. El uso 
de combustibles fósiles es uno de los principales orígenes de estas 
emisiones. En este contexto, el hidrógeno es un excelente vector energético 
porque su combustión únicamente produce agua. Sin embargo, la mayor 
parte del hidrógeno actualmente se produce por reformado con vapor de 
combustibles fósiles. Este es un proceso con elevado consumo energético 
y también conlleva emisiones de gases de efecto invernadero. Se están 
desarrollando nuevas alternativas tecnológicas para la producción de 
hidrógeno, entre los que ahora mismo destaca la electrolisis. Además, el 
hidrógeno puede ser producido por el foto-reformado de gas o efluentes 
líquidos utilizando tecnologías sostenibles como la fotocatálisis, que 
permite aprovechar la energía de la luz solar y almacenarla en forma de 
combustibles. En la presente tesis doctoral se investigan nuevas estrategias 
para la generación de hidrógeno por fotocatálisis. 
En primer lugar, se llevó a cabo en el capítulo 3.1 una exhaustiva revisión 
bibliográfica sobre la producción de hidrógeno por fotocatálisis, 
proporcionando una visión holística de los diferentes sistemas 
fotocatalíticos heterogéneos, homogéneos e híbridos. Se describieron los 
mecanismos de los diferentes sistemas, se categorizaron los diferentes 
componentes involucrados en el proceso y sus funciones y además, se 
analizó la influencia de las condiciones experimentales en el proceso y se 




El uso del fotocatalizador TiO2 en sistemas heterogéneos fotocatalíticos ha 
sido ampliamente estudiado. A pesar de que el TiO2 es altamente 
fotorreactivo, y química y térmicamente estable, su uso está limitado por 
la alta velocidad de recombinación electrón-hueco junto al hecho de que es 
activo fundamentalmente bajo radiación UV. Se han empleado elementos 
para dopar el TiO2 y también se han desarrollado co-catalizadores con 
metales nobles como platino, dando lugar a materiales con alta 
fotorreactividad, ya que facilitan la reducción de la velocidad de 
recombinación de cargas y aumentan la actividad bajo luz visible. Sin 
embargo, la escasez y alto coste de los metales nobles limita su aplicación 
a gran escala. Para superar este problema, los esfuerzos de investigación se 
han centrado en el uso de materiales que no contengan metales nobles. En 
esta línea en el capítulo 3.2 se llevó a cabo la síntesis de fotocatalizadores 
con óxido de grafeno (GO). El GO puede ser parcialmente reducido a 
grafeno, que tiene una gran área superficial y una excelente conductividad 
eléctrica lo que puede contribuir a aumentar el rendimiento del 
fotocatalizador. 
Otra barrera a la aplicación real de esta tecnología es la separación, 
recuperación y reutilización de las nanopartículas de TiO2 después del 
proceso foto-asistido. La inmovilización del fotocatalizador en membranas 
poliméricas evitaría esta etapa de recuperación. En el capítulo 3.3, este 
trabajo evaluó varias técnicas, como el spraying, dip-coating y solvent-
casting, porque son métodos más económicos y sus condiciones de síntesis 
suaves no provocan cambios en la estructura del fotocatalizador. 
Aunque los sistemas fotocatalíticos heterogéneos están más cerca de la 
aplicación a gran escala, los sistemas homogéneos ofrecen las velocidades 
de producción de hidrógeno más altas. En la última década, las moléculas 
imitadoras de la hidrogenasa han demostrado un excepcional 
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funcionamiento como catalizadores. Uno de los problemas principales en 
estos sistemas es la baja estabilidad de los fotosensibilizadores, 
especialmente de los que no contienen metales nobles. Los sistemas 
híbridos podrían superar este problema combinando semiconductores 
como fotosensibilizadores y catalizadores moleculares. Basándose en esto, 
en el capítulo 3.4 se estudiaron sistemas híbridos formados por hidrogenasa 






















1.1. Hydrogen as energy vector 
Energy is one of the most crucial aspects in the socio-economic 
development of nations. Nowadays, it strongly depends on conventional 
fossil fuels. The combustion of fossil fuels is responsible for most of the 
greenhouse gases (GHG) emissions which contribute strongly to the global 
warming. The global surface temperature has progressively increased by 1 
°C above pre-industrial levels [1,2]. This increase might seem small, but it 
means a significant increase in accumulated heat. This extra heat is driving 
regional and seasonal extreme temperatures, intensifying heavy rainfall, 
and changing habitat ranges for plants and animals, expanding some and 
shrinking others. Moreover, the reduction of the snow cover and sea ice 
have provoked an increase of the sea level of 3.5 mm per year. In order to 
avoid these catastrophic consequences, the Paris Agreement set out a 
global framework in 2015 to avoid dangerous climate change by limiting 
global warming to well below 2 °C above pre-industrial levels and 
pursuing efforts to limit it to 1.5°C [3]. As of November 2020, the Paris 
Agreement was signed by 194 countries representing almost 97% of the 
global GHG emissions. 
According to the International Energy Agency (IEA), the energy-related 
CO2 emissions were increased progressively every year, reaching 33 Gt in 
2019 [4]. Although the advanced economies have reduced slightly their 
emissions since 2005, the global value has increased. According to the 
Paris Agreement, the involved countries have submitted their cut emissions 
pledges to the United Nations. The European Union currently aims to 




In this global context, hydrogen comes out as a clean alternative energy 
vector because its direct combustion does not generate pollutants or 





𝑂2 → 𝐻2𝑂                                                                                    (1.1) 
Other advantages of hydrogen are: i) H2 can be produced from hydrocarbon 
and, more significantly, from water and organic compounds; ii) it can be 
used as a chemical fuel and as a chemical feedstock in many industrial 
processes; iii) H2, unlike electricity, can be stored in large quantities in a 
variety of forms depending on the final application; iv) there are different 
ways to transport hydrogen such as by pipeline, ship, or truck [8,9]. 
However, H2 also has some disadvantages such as its energy density is less 
than that for gasoline, it can leak from containment vessels easier than 
other energy vectors, and its main drawback is the cost of production that 
nowadays is high compared to the cost of fossils fuels [10].  
Different technologies have been developed for hydrogen production [9] 
that can be classified as grey hydrogen or green hydrogen production 
alternatives. Grey hydrogen is produced from fossil fuels while green 
hydrogen is produced from sustainable sources without CO2 emissions 
[11,12]. Nowadays, 95% of H2 is obtained by steam reforming of fossil 
fuels, mainly methane. This process produces hydrogen by the reaction of 
water vapor and methane in presence of a nickel catalyst. It operates at high 
temperatures and pressures, and thus is energy-intensive [13–15]. 
Autothermal reforming is a process for producing hydrogen by partially 
oxidizing a hydrocarbon feed, generating hydrogen and carbon monoxide. 
It is usually combined with steam reforming. Coal gasification is a 




commercially available technologies. However, the carbon emissions and 
the cost of hydrogen production by this method are higher than by steam 
reforming [16]. Water electrolysis is one of the most promising H2 
production alternatives, especially, for storage of surplus electricity; a 
variety of commercial electrolyzers for large-scale applications is available 
on the market achieving hydrogen production rates up to 750 Nm3∙h-1 [17–
19]. Around 5% of hydrogen is produced using electrolysis of water [20]. 
However, the energy consumption associated with electrolysis must be 
significantly reduced before this process becomes competitive at large 
scale. Green hydrogen could be produced by electrolysis if the electricity 
is supplied from a renewable source such as photovoltaic cells. 
Thermolysis consist of the water dissociation above 2200 ºC producing H2 
and O2. Biomass can be used as primary energy to extract hydrogen from 
steam by thermochemical biomass conversion. Dark fermentation is the 
conversion of biochemical energy stored in organic matter into hydrogen 
in the absence of light thanks to the activity of microorganisms. 
Biophotolysis consists of hydrogen production from water mediated by 
light-sensitive microorganisms under light irradiation. Table 1.1 collects 
the different hydrogen production methods. Some of them could produce 
green as well as grey hydrogen depending on the energy source they use 
[16].  
Photocatalytic generation of H2 from organic solutions or H2O, although it 
is a minor source in terms of produced H2 volume, it appears to be a 
complementary and renewable way for simultaneous H2 generation and 
wastewater remediation [21–23]. 
Chapter 1 
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Table 1.1. Classification of hydrogen production methods. 
 
 
1.2. Photocatalytic hydrogen production 
As early as in 1911, 76 years after Berzelius coined the word catalysis, the 
term photocatalysis appeared in several scientific communications [24]. In 
Germany, Eibner incorporated this concept in his studies about the effect 
of the illumination of ZnO on the bleaching of Prussian blue [25]. 
Contemporaneously, the term photocatalysis gained additional relevance 
when it appeared in the title of some articles dealing with the degradation 
of oxalic acid under irradiation in the presence of uranyl salts [26,27]. 
Nowadays, photocatalysis is defined as a catalytic reaction involving light 
absorption by a catalyst or by a substrate [28]. Photocatalysis, while 




by four important steps: i) light absorption to generate electron-hole pairs; 
ii) excited charges separation; iii) transfer of electrons and holes to the 
surface of the photocatalysts or photosensitizer; and iv) utilization of 
charges on the surface for redox reactions. 
Photocatalysis can be applied for a wide variety of purposes. The main 
fields of application are [29]: 
- Purification and disinfection of water. Photocatalysis may be used for 
water disinfection by killing different water pathogens such as 
Escherichia coli or Enterococcus faecalis bacteria, and it can also 
degrade organic contaminants such as insecticides, antibiotics, or 
chlorinated organic compounds, cyanotoxins, and taste and odor 
compounds. It can also oxidize inorganic compounds such as 
chromium, uranium, or nitrates [30,31]. 
- Purification and disinfection of air. Photocatalysis has been used for 
removal of microbiological pathogens in air such as Serratia 
marcescens or Streptococcus pneumoniae bacteria, organic 
contaminants such as hydrocarbons, and inorganic compounds such as 
CO, NOx and NH3 [32,33]. 
- Synthesis of chemicals. Photocatalysis can be used to synthetize 
different chemicals such us benzyl chloride or rose oxide through 
photocatalytic reactions such as oxidation, reduction and alkylations. 
Photocatalytic reactions in chemical synthesis are still limited in 
number, but some of the recent examples suggest that proper attention 
to this aspect may increase interest to this area [34,35]. 




The photocatalytic hydrogen can be produced from direct water splitting 
or using a sacrificial agent such as methanol, glycerol, or formic acid. The 
process is more efficient using sacrificial agents due to the higher 
effectiveness of the sacrificial agent as hole (h+) scavenger and the 
suppression of the back reaction to produce H2O because O2 is not evolved, 
thus, increasing H2 yield [37]. The water-splitting reaction is a large uphill 
reaction with a Gibbs free energy change of ΔG = +237.1 kJ·mol−1 (Figure 
1.1). The photocatalytic reaction using a sacrificial agent is still an uphill 
reaction, but less than the water-splitting one. For example, in the 
photocatalytic hydrogen production from methanol the Gibbs free energy 
change is +9.3 kJ·mol−1 [38]. Moreover, some waste effluents containing 
easy to oxidize compounds, such as the glycerol waste generated in the 
biodiesel production, could be used for H2 generation reporting an 
additional advantage to the photocatalytic remediation of these effluents 
[39,40]. 
 
Figure 1.1. H2 production reaction (a) from H2O (water splitting) and (b) from methanol. 
Three different photocatalytic hydrogen production systems have been 
developed since in 1972 Honda and Fujishima carried out the water 
splitting for the first time in a photoelectrochemical cell using TiO2 and Pt 




Heterogeneous systems use a semiconductor photocatalyst. Frequently, the 
photocatalyst is suspended in the solution and is irradiated by the light 
source. The reaction is carried out in aqueous media. H2O can act as a H+ 
source. It has been found that low water/organic solvent ratios in the 
reaction media disfavor H2 production [42,43]. The semiconductor acts as 
both catalyst for the generation of H2 and photosensitizer or light harvester. 
The H2 production mechanism by heterogeneous photocatalysis involves 
the following steps: (1) absorption of photons from a light source with 
sufficient energy to overcome the band gap of the semiconductor; this 
promotes the transfer of an electron from the valence band of the 
semiconductor to the conduction band, creating an electron–hole pair. (2) 
The electrons that reach the surface of the photocatalyst can reduce H+. The 
holes can oxidize H2O or the sacrificial agent, depending on the band gap 
of the semiconductor. The electrons and holes which have not reacted 
recombine between themselves [44,45]. Figure 1.2A illustrates this 
mechanism.  
 
Figure 1.2. Heterogeneous photocatalytic H2 production system: (A) reaction mechanism, 
(B) energy diagram. SC, photocatalyst semiconductor; D, electron donor/sacrificial agent. 
Chapter 1 
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In order to reduce protons to H2, the photocatalyst conduction band 
potential (ECB) has to be more negative than the proton reduction potential 
(EH+/H2). In addition, to oxidize the sacrificial agent, the photocatalyst 
valence band potential (EVB) has to be more positive than the sacrificial 
agent oxidation potential (ED/D+). Water can also be oxidized if the EVB is 
more positive than its oxidation potential. Figure 1.2B illustrates the 
energy diagrams of the different photocatalytic systems. 
Regarding homogeneous systems, they are usually composed of a soluble 
molecular catalyst, a soluble molecular photosensitizer, and a sacrificial 
agent. Homogeneous and hybrid photocatalysis have been carried out in 
organic solvents as well as in aqueous media. The solvent selection 
depends on the nature of the photosensitizer and the catalysts. 
Homogenous photocatalytic hydrogen production mechanism (Figure 
1.3A) consists of the following steps: (1) Absorption of photons from the 
light source by the photosensitizer to reach an excited state. (2) The excited 
state is quenched by electron transfer through a reductive or an oxidative 
reaction pathway. (2a) Reductive quenching of the excited photosensitizer 
involves an electron transfer from the electron donor to the excited 
photosensitizer, generating the photosensitizer reduced form. Then, an 
electron is transferred to the catalyst and the photosensitizer returns to its 
initial form. (2b) Oxidative quenching consists first of an electron transfer 
from the excited photosensitizer to the catalyst, generating the oxidized 
form of the photosensitizer that, secondly, oxidizes the sacrificial agent 
returning to its initial form [46]. (3) Finally, the catalyst reduces the protons 
to H2. Because H2 is formed upon the coupling of two electrons and 
protons, in at least two separate steps, several reaction pathways might 
occur, such as: two sequential electron transfers from the photosensitizer 




of two hydrid species (Cat-H) formed transiently by the reaction of one-
electron reduced form of the catalyst with a proton [47]. 
 
Figure 1.3. Homogeneous photocatalytic H2 production system: (A) reaction mechanism, 
(B) energy diagram of oxidative quenching of excited photosensitizer, (C) energy diagram 
of reductive quenching of excited photosensitizer. PS, photosensitizer; Cat, catalyst. D, 
electron donor/sacrificial agent. 
Regarding the thermodynamic of this process, the oxidation potential of 
the excited photosensitizer (EPS*/PS+) in the oxidative quenching case 
(Figure 1.3B) and oxidation potential of the reduced photosensitizer 
(EPS−/PS) in the reductive quenching case (Figure 1.3C), must be more 
Chapter 1 
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negative than the reduction potential of the catalyst (ECat/Cat−). Furthermore, 
the reduction potential of the oxidized photosensitizer (EPS+/PS) in the 
oxidative quenching case and the reduction potential of the excited 
photosensitizer (EPS*/PS−) in the reductive case, must be more positive than 
the electron donor oxidation potential (ED/D+). The possibility of several 
proton reduction pathways contributes to the complexity of the 
determination of the redox potential at which the molecular catalyst is 
reduced. 
The last photocatalytic mechanism is the hybrid system which consists of 
a soluble molecular catalyst, a semiconductor as photosensitizer, and a 
sacrificial agent. These configurations show high hydrogen production 
rates, broad visible light absorption, and long lifetimes. The steps of 
photocatalytic H2 production mechanism in these systems (Figure 1.4A) 
are a combination between heterogeneous and homogeneous processes: (1) 
the semiconductor absorbs the photons from a light source with sufficient 
energy to promote the migration of an electron from the valence band to 
the conduction band, creating an electron–hole pair. (2) The electrons that 
reach the surface of the semiconductor photocatalyst are transferred to the 





Figure 1.4. Hybrid photocatalytic H2 production system: (A) reaction mechanism, (B) 
energy diagram. SC, photocatalyst semiconductor; Cat, catalyst; D, electron 
donor/sacrificial agent. 
Regarding the thermodynamic of this process, ECB must be more negative 
than ECat/Cat- and EVB has to be more positive than the sacrificial agent 
oxidation potential (ED/D+). ECat/Cat- must be more negative than EH+/H2 
(Figure 1.4B). 
 
1.3. Strategies for improving the photocatalyst performance 
In heterogeneous photocatalytic hydrogen production, the photocatalyst 
acts as both a light harvester and a catalyst. The function of a high 
performance heterogeneous photocatalyst is to: i) avoid fast electron–hole 
recombination; ii) allow fast diffusion of the electrons and holes to the 
surface of the semiconductor; iii) have band potentials suitable for the 
sacrificial agent oxidation and proton reduction; iv) be photoactive under 
visible light, which is related to the bandgap of the semiconductor; v) 
display good chemical stability; and vi) be cost-effective [48]. A wide 
variety of semiconductor photocatalysts has been investigated so far, such 
Chapter 1 
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as chalcogenides (ZnS, CdS, CdSe) [49,50], metal oxides (TiO2, Cu2O, 
ZrO2) [15,51], carbonaceous materials (g-C3N4) [52–55], and solid 
solutions [(Ga1-xZnx)(N1-xOx), (AgIn)xZn2(1-x)S2] [56–61]. However, TiO2 is 
still the most widely used photocatalyst because of its good stability in a 
wide range of pH conditions, resistance to photo-corrosion, non-toxicity, 
and commercial availability. The small portion of the solar spectrum (c.4–
8%) absorbed by TiO2 and its relatively high charge recombination rate are 
its main drawbacks [62–65]. 
In order to design a stable and a high performance photocatalyst, a variety 
of strategies have been followed [36]. Figure 1.5 shows some of them. 
 
Figure 1.5. Strategies for improving the photocatalysts performance in heterogeneous 
photocatalytic hydrogen production. 
The first strategy consists of doping the photocatalyst with different 
elements, by introducing or extracting atoms in/from its lattice structure. 
Iron (Fe), carbon (C), boron (B), and nitrogen (N) are common dopants 
that provide advantages such as narrowing the energy band gap and 
reducing the charge recombination rate [66–68]. The second strategy 
consists of coupling two semiconductors. The oxidation of the sacrificial 
agent or H2O and the reduction of hydrogen can be carried out on one of 




the separation and transport of the electron–hole pairs, (ii) sensitize the 
photocatalyst to visible light or, (iii) act as co-catalyst. If redox reactions 
occur one in each semiconductor, the structure is called a Z-scheme. It 
allows combination of a semiconductor with strong reduction power with 
another semiconductor with strong oxidation power. The third strategy 
consists of grafting an inorganic or organic dye such as Eosin Y to the 
semiconductor surface. These dyes can act as visible light photosensitizers 
[69,70]. Another strategy consists of the physical modification of the 
semiconductor 3D structure, optimizing its shape and size, and hence 
increasing the active surface to enhance the photocatalytic activity [71]. 
Coupling the photocatalyst with metals creating metal/semiconductor 
heterojunctions that form a Schottky barrier and avoid the fast charge 
recombination is another alternative. The metal also can act as co-catalyst 
reducing the overpotential for the surface electrochemical reactions. 
Moreover, the metal can improve the light absorption by surface plasmon 
resonance. The use of noble metals as co-catalysts has provided the highest 
H2 production in heterogeneous photocatalytic hydrogen generation; 
however, their associated high cost, and scarcity limit their application 
[48]. Therefore, the use of noble metals should be substituted, and earth 
abundant compounds are good candidates.  
Synthesis of composite photocatalysts with graphene oxide (GO) appears 
as an interesting alternative [72,73]. GO is a two-dimensional planar sheet 
composed by localized sp3 defects within the sp2 bonded carbon atoms 
structured in a honeycomb shaped network with oxygenated functional 
groups attached. GO can be partially reduced to graphene which has large 
surface area and excellent electrical conductivity. The properties of the 
reduced graphene oxide (rGO) can improve the photocatalytic 
performance of the TiO2 by,  i) reducing the electron-hole recombination 
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rate, due to the ability of rGO to carry charges from TiO2 due to its fermi 
level being lower than the TiO2 conduction band [74,75]; ii) improving the 
photocatalyst recovery due to the rGO morphology, and iii) narrowing the 
TiO2 band-gap, this fact may be due to the creation of a hybrid orbital 
below the conduction band of TiO2 with lower band-gap energy [76,77]. 
 
1.4. Photocatalyst immobilization 
In heterogeneous photocatalysis, the photocatalyst is frequently used in 
suspension in order to reduce the mass transfer limitations of the process. 
The photocatalyst recovery from the treated solution can be carried out by 
coagulation and sedimentation processes, or by filtration [78]. Although 
photocatalyst recovery in heterogeneous systems is easier than in 
homogeneous or hybrid processes, the post-reaction separation step has 
been identified among the current engineering limitations of photocatalytic 
processes [79]. Another drawback associated with the use of suspended 
photocatalysts is the hazard associated with the manipulation of 
nanomaterials [80]. Therefore, techniques to immobilize the photocatalyst 
have been encouraged to facilitate catalyst reuse and to avoid the presence 
of nanomaterials in the treated waters and effluents. Photocatalyst 
immobilization has already been used in the removal of contaminants in 
wastewater and in air using different materials as support such as glass, 
zeolites, silica or polymers [81,82]. 
A wide variety of immobilization methods has been used in photocatalytic 
pollutant degradation, such as electrophoresis, chemical, and physical 
vapor deposition, sol-gel, thermal spraying, and solvent deposition [82]. A 
reliable technique for photocatalyst immobilization must provide a strong 




irradiation, and preserve photocatalyst structure during preparation and 
immobilization [83]. The simplest techniques are worth considering, such 
as spraying, dip coating and solvent casting because they are economic 
methods and their soft operational synthesis conditions do not provoke 
changes in the structure of the composite. 
Only few works can be found in literature about photocatalytic hydrogen 
generation with immobilized catalyst in a simple single chamber 
photoreactor using a membrane with the only function of photocatalyst 
support [84–87]. Some of these works have used glass substrates to support 
the photocatalyst; Cha et al. produced hydrogen with TiO2/Pt nanotubes 
supported on a fluorine doped tin oxide (FTO) glass [84]. Ma et al. 
generated hydrogen with a Er3+:YAlO3Pt-TiO2 composite on a glass 
substrate [85]. Della Foglia immobilized TiO2/Pt on glass fibers for photo-
steam reforming of low molecular weight alcohols [86]. Wu et al. obtained 
hydrogen using immobilized TiO2/Pt and TiO2/Pd on cellulose membranes 
[87].  
Polymeric membranes have been used as photocatalyst support [88–90]. 
However, most of the polymer materials were damaged by UV irradiation. 
In order to overcome this problem, polytetrafluoroethylene (PTFE) has 
been used as photocatalyst support due to its photochemical resistance 
[91,92]. Sulfonated polytetrafluoroethylene (Nafion) is a polymer which is 
resistant to photochemical degradation and is a proton (H+) conductor due 
to the sulfonic acid groups attached to the PTFE backbone [93–95]. 
Therefore, it could be a good candidate to act as photocatalyst support. 
Nafion has been used in the photocatalytic degradation of pollutants as a 
support membrane for the photocatalyst [88,89,96] as well as photocatalyst 
coating to improve the degradation of cationic molecules due to its anionic 
character [97,98]. Regarding photocatalytic hydrogen production, Nafion 
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has been used as a matrix to attach photocatalysts with visible light 
photosensitizers [99,100] and as a proton exchange membrane in H-type 
reactors. Nafion membranes should be investigated as photocatalyst 
support in hydrogen production. The simplest immobilization techniques 
such as spraying, dip coating and solvent casting are a reasonable starting 
point. 
 
1.5. Hydrogenase mimic catalyst combined with quantum 
dots photosensitizers 
Homogeneous catalysts can provide high hydrogen production rates. 
Among them, hydrogenases are promising catalysts with good hydrogen 
production performance [101,102]. Hydrogenases in nature are enzymes 
composed of metal complexes of Fe and/or Ni, synthesized from certain 
bacteria and algae which catalyze the reversible redox reaction of H+ to H2 
[103–105]. Among hydrogenases, [Fe-Fe]H2-ases have shown very high 
production activity of hydrogen, about 6000-9000 H2 molecules per second 
per active site [103,106–108]. Therefore, they have been studied in the last 
decades and they have awakened the interest on the synthesis of 
biomimetic molecules [109–114]. 
[Fe-Fe]H2-ases photocatalytic hydrogen production systems containing 
metal complexes, such a [Ru(bpy)3]2+ (bpy = 2,2’-bipyridine) or [Re(4,4´-
dimethylbpy)(CO)3]+ [115–119] or organic dyes such a Eosin Y or Rose 
Bengal as photosensitizers have been extensively studied [111,120,121]. 
But the main drawbacks are the fast photocatalytic decay during the 
process, and their narrow wavelength absorption range. In order to 
overcome this problem, quantum dot (QD) semiconductors have been 




[122–130]. QDs are particles smaller than 10 nm of diameter whose band 
gap can be tuned by modifying their particle size [131–133]. The small 
particle size can contribute to enhance electron transfer rate and their 
tunable band gap can make them active under visible light. Jian et al. [129] 
compared, for the same aqueous system, the performance as 
photosensitizer of Ru(bpy)32+ and CdSe QDs achieving a hydrogen 
production rate of 301 and 20840 mmol H2·gcat-1·h-1, respectively, and 
duplicating the stability of the system. 
The selection of the QD material is still a challenge. Cadmium 
chalcogenides, such as CdS, CdSe, and CdTe, are good candidates due to 
their response to visible light and the relative position of their energy bands 
which generally provides a high driving force to electron transfer favoring 
higher hydrogen production rates. Although CdS also has response to 
visible light, its band gap is higher than that of CdSe and CdTe, functioning 
in a narrower range of the visible spectrum. Therefore, CdSe and CdTe are 
commonly used. CdSe has been used as photosensitizer for hydrogen 
generation in combination with real hydrogenases, hydrogenase mimics 
and even with bacteria that produce hydrogenases [122,125,139–
141,126,127,129,134–138]. CdTe has been also used with this purpose 
[123,142–146]. The different performance of both sensitizers has not been 
clarified so far in the existing works mainly due to the different 
experimental conditions. 
 
1.6. Framework and objectives of the thesis 
This work focuses on the advancement of photocatalytic hydrogen 
production systems, starting with the synthesis and characterization of 
high-performance materials. It is based on the wide experience of the 
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research group in the modification of photocatalysts for degradation of 
emerging pollutants and in the development of membranes for different 
applications. The scope of this thesis is the application of different 
strategies to increase the knowledge needed for process design and 
optimization of more technical and cost-effective systems for the 
photocatalytic hydrogen production from liquid wastes and residues.  
The three main objectives of this thesis are: 
- Improving the photocatalytic hydrogen production performance of 
TiO2 combining it with noble metal free materials. rGO/TiO2 
composite was synthetized because GO nanosheets can improve 
the TiO2 photoactivity due to its ability to trap electrons from the 
conduction band, reducing the electron-hole recombination rate of 
TiO2. 
- Evaluating different methods of photocatalyst immobilization on 
polymeric membranes to avoid the necessity of the separation and 
recovery of the photocatalyst from the treated solution after the 
process. 
- In order to move towards achieving high hydrogen production 
rates under visible light irradiation, hybrid systems were studied 
using biomimic [Fe-Fe]H2-ase as catalyst and chalcogenides QDs 
as photosensitizers. The performance of CdSe and CdTe as 
photosensitizers have been evaluated. 
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This chapter briefly discusses the materials, the experimental part of the 
present thesis, specifies the procedure used to synthesize the 
photocatalysts, explains the methodology followed during the 
photocatalytic experiments and describes the analytical methods. More 
detailed information can be found in the scientific publications gathered in 
Chapter 3 of the present thesis document. 
 
2.1. Chemicals 
The main chemical reagents used in this thesis are summarized in Table 
2.1. All chemicals were reagent grade or higher. All solutions were 
prepared using ultrapure water (Milli-Q, Millipore) with a resistivity of 
18.2 MΩ·cm. 
Table 2.1. List of chemical reagents 
Reagent Formula Abbreviation Characteristics Supplier 
Methanol CH4O - 99.9% Scharlau 









Graphene oxide C:O GO 4 mg/mL Graphenea 
















Nafion N115 C9HF17O5S PFSA 250 g·m-2 Ion Power 
Oleic acid C18H34O2 OA 90% Sigma Aldrich 
1-octadene C18H36 ODE 90% Sigma Aldrich 




Table 2.1. (cont.)  List of chemical reagents 
Reagent Formula Abbreviation Characteristics Supplier 
L-Ascorbic acid C6H8O6 - 98+% Alfa Aesar 
Trioctylphosphine oxide C24H51OP TOPO 99% Sigma Aldrich 
Cadmium oxide CdO - 99.5% Sigma Aldrich 
Tellurium powder Te - 99.8% Sigma Aldrich 




P ODPA 99+% PCI 




Chloroform CHCl3 - 98.9+% ChemPure Chemicals 
Selenium powder Se - 99.99% Beantown Chemicals 
3-mercaptopropionic 
acid C3H6O2S MPA 99+% 
Acros 
Organics 
Sodium dodecyl sulfate C12H25NaO4S SDS 10% 
Life 
Technologies 
Diiron nonacarbonyl Fe2(CO)9 - 98% Sigma Aldrich 
Benzene-1,2-dithiol C6H6S2 - 96% Sigma Aldrich 
Tetrahydrofuran C4H8O THF 99.5+% Sigma Aldrich 
Hexane C6H14 - 98.5+% Sigma Aldrich 
 
2.2. Synthesis of the photocatalysts, catalysts and quantum dots 
2.2.1. Synthesis of rGO/TiO2 photocatalysts 
rGO/TiO2 photocatalysts were synthetized following the hydrothermal 
method illustrated in Figure 2.1. Composites with different percentages of 
GO, 1, 2, 5, and 10%, were synthesized. TiO2 was suspended in 150 mL of 
water and mixed with certain amount of GO dispersion under magnetic 
stirring. After 2 h of stirring the mixture was transferred to a Teflon-lined 
stainless-steel autoclave (HS Instrument) of 200 mL. In order to provoke 
the reduction of GO, the autoclave was kept at 120 ºC for 3 h. The resulting 
rGO/TiO2 composite material was recovered by centrifugation in a 
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Centrifuge 5810 (Eppendorf) at 2000 rpm for 2 minutes and washed with 
ultrapure water 3 times. The composite was dried overnight at 50 ºC [1–3]. 
 
Figure 2.1. rGO/TiO2 synthesis by the hydrothermal method 
2.2.2. Synthesis of [FeFe]H2-ase mimic 
The [FeFe]H2-ase mimic, [Fe2 (µ-1,2-benzenedithiolate)(CO)6] (Figure 
2.2), was synthesized in the Unité Mixte de Recherche (UMR) 6521, 
Centre National de la Recherche Scientifique, Université de Bretagne 
Occidentale (France) by the method previously described in literature [4]. 
Briefly, a mixture of 0.275 mmol of Fe2(CO)9 and 0.302 mmol of benzene-
1,2-dithiol was stirred in 10 mL of THF at reflux temperature for 70 min. 
The solution was filtered, and the filtrate was dried. The residue was 
redissolved in 2 mL of hexane and the product was purified by column of 





Figure 2.2. Fe2 (µ-1,2-benzenedithiolate)(CO)6 molecule 
2.2.3. Synthesis of MPA-capped CdSe and CdTe QDs 
CdSe and CdTe QDs were synthesized in the Department of Physics and 
the Center for Photochemical Sciences, Bowling Green State University 
(USA). They were synthesized with hydrophobic ligands followed by a 
ligand exchange process with 3-mercaptopropionic acid MPA which is 
hydrophilic. Figure 2.3 illustrates the synthesis process of both materials. 




Figure 2.3. Synthesis of A) OA-CdSe and B) ODPA-CdTe 
OA-capped CdSe QDs were synthesized from cadmium and selenium 
solutions. Cadmium solution was prepared dissolving 180 mg of CdO with 
75 mg of n-octadecylphosphonic acid (ODPA), 9 g of trioctylphosphine 
oxide (TOPO), and 6 mL of oleic acid (OA) in a spherical flask at 300 ºC 
under Ar atmosphere. 5.4 mL of TOP were added when the solution turned 
clear. The selenium solution was prepared dissolving 180 mg of Se powder 




selenium solution was cooled down to 80 ºC and it was injected into the 
cadmium solution. The reaction time was 2 min, and it was stopped cooling 
down the reaction mixture in a water bath. Every step was performed under 
magnetic stirring. 
ODPA-capped CdTe QDs were synthesized from cadmium and tellurium 
solutions. The cadmium solution was prepared from 25.6 mg of CdO, 
147.2 mg of ODPA and 8 mL of 1-octadene (ODE) at 300 ºC under Ar 
atmosphere. Tellurium solution was prepared from 51 mg of tellurium 
powder, 0.46 mL of tributylphosphine (TBP), and 4 mL of ODE at 80 ºC 
under Ar atmosphere. Tellurium solution was injected into cadmium 
solution and the reaction was stopped after 4.75 min by cooling down the 
reaction mixture in a water bath. 
Both CdTe and CdSe suspensions were centrifuged for 4.5 min at 6500 
rpm after adding ethanol:acetone solution, with a volume ratio 2:1, to cause 
precipitation of the crystals. The ratio between the crystals suspension and 
the ethanol-acetone mixture was 1:3 in volume. The precipitated crystals 
were resuspended in chloroform. 
The ligand exchange process was carried out to allow the use of both QDs 
as photosensitizers in aqueous media. Briefly, 0.5 mL of MPA were 
dissolved in 10 mL of a basic pH 1:1 methanol:chloroform solution. 1.5 
mL of crystals suspension were added and kept under stirring. The QDs 
were precipitated after centrifugation with acetone, suspended in water and 
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2.3. Photocatalyst immobilization 
2% rGO/TiO2 photocatalyst was immobilized on polymeric membranes by 
three different methods: solvent-casting (SC), spraying (SP), dip-coating 
(DP). Figure 2.4 illustrates these methods. The theoretical percentage of 
composite for every membrane was 10% w/w. 
 
Figure 2.4. Photocatalytic immobilization methods: (a) solvent-casting, (b) spraying, and 
(c) dip-coating. 
In SC method 42.2 mg of 2% rGO/TiO2 were added to 1.8 g of Nafion 
solution D2020 and 0.5 mL of isopropanol. The mixture was stirred for 10 
min and placed in an ultrasonication bath (Fisher scientific FB1505) with 
a frequency of 37 kHz for 30 min. The suspension was dried in a Petri dish 
set in a vacuum oven (PSelect) at 800 mbar and 30 ºC for 24 h. In order to 
facilitate the removal of the photocatalytic membrane from the Petri dish, 
a small volume of ultrapure water was added 2 h before removal. 
SP method was employed to attach the 2% rGO/TiO2 on the surface of 
Nafion N115 membrane. An ink composed of 0.3% photocatalyst, 2.7% of 
Nafion solution D520, and 97.0% of isopropanol as solvent was prepared 
and ultrasonicated for 45 min at 37 kHz before being sprayed on the 
membrane. The membrane was placed on a heating plate. The 
photocatalyst concentration on the membrane was 10% w/w. After 
spraying, the membrane was dried for 24 h under ambient conditions. The 




In the DP method Nafion N115 was immersed in a solution composed of 
3.0% of photocatalyst, 25.7% of Nafion solution D520, and 71.3% of 
isopropanol. The solution was previously dispersed in an ultrasonication 
bath for 45 min. The membranes were immersed 6 consecutive times in the 
bath to reach the desired concentration of the composite. After each 
immersion the membrane was dried under ambient conditions for 10 min. 
After the last immersion, the photocatalytic membrane was dried under 
ambient conditions for 24 h. 
 
2.4. Materials characterization 
Thermogravimetric analyses (TGA) were performed in a DTG-60H 
Differential Thermal Gravimetric Analyzer (Shimadzu). The samples were 
heated from 25 ºC to 900 ºC in N2 atmosphere with a flow of 50 mL·min-
1. The heating rate used in the measurements was 10 ºC·min-1. The 
percentage of GO in the synthesized rGO/TiO2 photocatalysts and the 
percentage of photocatalyst loaded in the photocatalytic membranes were 
confirmed by the thermogravimetric curves obtained by this technique. 
Fourier Transform Infrared (FTIR) spectra of rGO/TiO2, TiO2 
photocatalysts and photocatalytic membranes were recorded in a Spectrum 
Two spectrometer (PerkinElmer) equipped with an attenuated total 
reflection (ATR) accessory. This technique was used to confirm the 
presence of Ti-O bonds from TiO2 at 500-800 cm-1 in the rGO/TiO2 as well 
as the C=O bonds at about 1720 cm-1, and the C=C bonds at about 1620 
cm-1 from GO. FTIR spectroscopy also can provide a qualitative evidence 
of the GO reduction. 
The infrared spectra of [Fe2(µ-1,2-benzenedithiolate)(CO)6] in hexane 
were recorded on a Nicolet Nexus FT-IR spectrometer (Thermo Fisher 
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Scientific). It was used to confirm the presence of the three corresponding 
bands to the CO groups between 2000 and 2100 cm-1.  
Proton nuclear magnetic resonance, 1HNMR, was performed to elucidate 
the composition and structure of the synthetized [Fe2(µ-1,2-
benzenedithiolate)(CO)6]. 1HNMR spectra of [FeFe]H2-ase mimic in 
deuterated acetone were recorded on an AC-300 FT-NMR spectrometer 
(Bruker) and were referenced against SiMe4. The 1H-NMR together with 
the presence of the three CO bands in the FTIR, would confirm the 
successful synthesis of this compound. 
Raman spectra of 2% rGO/TiO2 photocatalysts were recorded by T64000 
Raman Spectrometer (Horiba). The samples were excited with a 514.5 nm 
laser of Kr-Ar and an effective power of 5 mW on the sample. This 
technique was employed to analyze the TiO2 and the rGO sheets in the 
composite. TiO2 should present strong bands at around 140, 400, 515 and 
635 cm-1 which corresponded to Eg, B1g, A1g and Eg lattice vibrations of Ti 
and O atoms in the anatase unit cell. D and G bands at 1350 and 1600 cm-
1, respectively, could add information about the rGO. Raman spectra of 2% 
rGO/TiO2 before and after being used were recorded. 
Brunauer-Emmett-Teller nitrogen adsorption-desorption isotherms were 
determined to calculate the specific surface area of the photocatalysts. The 
measurements were collected in an ASAP 2000 equipment 
(Micromeritics). The BET method relates the gas adsorbed at a certain 
relative pressure to the volume adsorbed in a gas monolayer in the solid 














Where P is the equilibrium pressure, P0 is the vapor saturation pressure, V 
is the volume of adsorbed gas at a relative pressure P/P0, Vm the volume 
adsorbed by the monolayer and c is the BET constant. Vm is calculated 
from the data obtained in the adsorption-desorption equipment and it is 
used to calculate the specific surface area, SBET (2.2): 
𝑆𝐵𝐸𝑇 =




Where Vmol is the molar volume of the gas under normal conditions, Am is 
the section occupied by the adsorbed molecules, and NA is the Avogadro’s 
number. 
Scanning Electron Microscopy (SEM) examination was carried out to the 
fresh and used photocatalytic membranes surfaces and to the fresh 
membranes cross-section in an EVO MA 15 microscope (Carl Zeiss). For 
the cross-section images, the membrane samples were frozen in liquid 
nitrogen and fractured. All the samples were gold sputtered to make the 
samples conductive. The membrane surface images would allow to 
confirm the distribution of the photocatalyst in the membrane surface. The 
cross-section images could reveal the thickness of the photocatalyst layer 
in SP and DP membranes and confirm the location of the photocatalyst in 
the membrane matrix in the SC membranes. 
UV-Visible spectrophotometry was employed in the characterization of the 
CdSe and CdTe QDs. Their absorbance spectra allowed to calculate the 
diameter of the QDs from the first excitonic peak (λabs) by the Peng’s 
correlations, Equations 2.3 and 2.4 [7]. The spectra of the QDs samples 
were recorded in a UV-Vis spectrophotometer Cary 60 (Agilent). This 
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technique was also used to measure the absorption spectra of [FeFe]H2-ase 
mimic and ascorbic acid. 
𝐷𝐶𝑑𝑆𝑒 = (1.6122 ∙ 10
−9)𝜆𝑎𝑏𝑠
4 − (2.6575 ∙ 10−6) ∙ 𝜆𝑎𝑏𝑠
3 +
(1.6242 ∙ 10−3) · 𝜆𝑎𝑏𝑠
2 − 0.4277 ∙ 𝜆𝑎𝑏𝑠 +  41.57  
(2.3) 
𝐷𝐶𝑑𝑇𝑒 = (9.8127 ∙ 10
−7) ∙ 𝜆𝑎𝑏𝑠
3 − (1.7147 ∙ 10−3) ∙
𝜆𝑎𝑏𝑠
2 +  1.0064 ∙ 𝜆𝑎𝑏𝑠 − 194.84  
(2.4) 
 
Time-resolved photoluminescence decay spectra and the 
photoluminescence spectra of CdSe and CdTe QDs were recorded out with 
405 nm PDL 800-D pulsed laser (PicoQuant) as excitation source and an 
SR-303i-A spectrograph (Andor Technology) as emission detector. Time-
resolved photoluminescence decay spectra were recorded to calculate the 
decay lifetime of the QDs. The photoluminescence spectra were also 
measured to obtain the photoluminescence emission peak of both 
materials. They were also used to calculate the electron transfer rate from 
the ascorbic acid to the QD, kasc, and the electron transfer rate from the QD 
to the [FeFe]H2-ase mimic, kET. In order to calculate them, emission 
quenching experiments were carried out measuring the emission intensity 
after adding different amounts of ascorbic acid (0-250 mM) or [FeFe]H2-
ase mimic (0-0.15 mM) to an aqueous QDs medium. Stern-Volmer plots 
were obtained using the Stern-Volmer equation (Equation 2.5) to the 
emission quenching results. 
I0
I





Where I0 is the fluorescence intensity without quencher, I is the 
fluorescence intensity for a certain concentration of quencher, Ksv 
represents the Stern-Volmer constant, and Q is the quencher concentration. 
 
2.5. Heterogeneous photocatalytic hydrogen production 
Figure 2.5 depicts the experimental setup used for hydrogen generation 
with TiO2 and rGO/TiO2. A sealed 225 mL borosilicate photoreactor with 
180 mL of 20% vol. methanol solution and 0.10 g·L-1 of photocatalyst was 
used for the comparison of the performance of the composite photocatalyst 
with different rGO/TiO2 weight ratios. Long-term photocatalyst 
performance experiments and photocatalytic membrane experiments were 
carried out in a 330 mL borosilicate photoreactor using 240 mL of 20% 
vol. methanol solution as sacrificial agent and 0.18 g·L-1 of photocatalyst. 
The photocatalytic membranes were fixed between two PTFE rings and 
they were placed in the center of the reactor. Both photoreactors were 
irradiated with 4 Philips PL-S 9W lamps that operated within a wavelength 
range between 315 and 400 nm and a maximum emission at 365 nm 
(Figure 2.6). The irradiance on the reactor wall was 7.5 W·m-2, measured 
with a HD 2102.1 photoradiometer (Delta Ohm). 




Figure 2.5. Heterogeneous photocatalytic hydrogen production experimental setup. 
 
Figure 2.6. Lamp emission spectrum (retrieved from Phillips) 
The photoreactor was connected to a Gas Chromatograph (GC) 2010 Plus 
(Shimadzu) equipped with a Shin Carbon ST 80/100 column using argon 
as carrier gas, and a thermal conductivity detector. Before collecting each 
sample, the gas phase in the reactor was homogenized by a micro 




For photocatalytic hydrogen generation experiments, the reactor with 20% 
methanol solution and the photocatalyst, and the tubes of the sampling 
system were purged with Ar for 30 min. After purging, the system was 
illuminated to start the hydrogen production experiment. 500 µL samples 
were taken by the sampling system and they were injected directly in the 
GC. All the hydrogen production experiments were carried out at 20 ºC. 
In order to quantify the photocatalyst leaching, the turbidity of the solution 
was measured with a Turbiquant 3000 IR spectrometer (Merck). The 
turbidity of the solution was calibrated as a function of the percentage of 
leached catalyst. Equation 2.6 relates these parameters: 
𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 (𝑁𝑇𝑈) = 13.24 ∙ 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 𝑐𝑎𝑡. (%) + 0.45 (2.6) 
 
2.6. Hybrid photocatalytic hydrogen production 
Figure 2.7 shows the experimental setup employed for the photocatalytic 
hydrogen production with the hybrid system. It consisted of a 4 mL of an 
aqueous media with ascorbic acid 200 mM, 0.1 mM of [FeFe]H2-ase 
mimic, CdSe or CdTe QDs in a concentration between 0.001 mM and 0.1 
mM, and SDS 10 mM to solubilize the [FeFe]H2-ase mimic [8,9]. The 
reaction medium was contained in an 8 mL reactor with magnetic stirring. 
The reactor was illuminated by a 150 W halogen lamp OSL1 (Thorlabs) 
provided with a filter to allow only visible light to pass (400 nm < λ < 800 
nm). Figure 2.8 shows the spectrum of the emitted radiation. The irradiance 
on the reactor wall was 31 mW·cm-2. It was measured with a Compact 
Power and Energy Meter Console PM100D (Thorlabs).





Figure 2.7. Hybrid photocatalytic hydrogen production experimental setup. 
 
Figure 2.8. Spectrum of the emitted radiation.
The reaction medium in the photocatalytic hydrogen production 
experiments was prepared by dissolving the ascorbic acid in deionized 





Finally, the corresponding amount of CdSe or CdTe QDs was added. The 
reaction medium was sealed with a septum and it was ultrasonicated for 1 
min. The reaction medium and the reactor were purged with Ar for 30 min. 
After purging, the reactor was illuminated and kept under magnetic 
stirring. 100 µL samples were taken with a syringe and they were analyzed 
in a GC 8A (Shimadzu) equipped with a thermal conductivity detector and 
a molecular sieve column 80/100 using Ar as carrier gas. 
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Chapter 3 collects the scientific articles published on journals during the 
development of this thesis.  
 
Chapter 3.1 is an integrated overview of the different photocatalytic 
hydrogen production systems: homogeneous, heterogeneous and hybrid. 
The units and mechanisms that take part in the photocatalytic process and 
their roles were analyzed. Moreover, a comparative analysis of the 
different systems was drawn.  
 
In chapter 3.2, performance of the synthetized rGO/TiO2 was compared to 
bare TiO2 working with 20% volume methanol solution under UVA 
irradiation. This system was studied at long operations times. Argon purge 
was implemented to evaluate catalyst reuse. 
 
Chapter 3.3 studies the performance of the rGO/TiO2 supported on Nafion 
membranes to avoid the problem of the photocatalyst recovery. The 
photocatalytic membranes were synthetized by different methods: solvent-
casting, spraying, and dip-coating. The hydrogen was produced from a 
20% volume methanol solution under UVA irradiation. Leaching of the 
photocatalytic membranes was tested. 
 
Chapter 3.4 moves towards the photocatalytic hydrogen production under 
visible light irradiation together with high production rates. A hybrid 
system was studied using biomimic [Fe-Fe]H2-ase as catalyst and 
chalcogenides QDs as photosensitizers. The performance of CdSe and 
CdTe as photosensitizers was evaluated. The analysis of the results shed 
light on the mechanism of the photocatalytic hydrogen production and the 
role played by the QDs as photosensitizers. 
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3.1. Publication 1. Comprehensive review and future 
perspectives on the photocatalytic hydrogen production 
Chapter 3.1 corresponds to the following paper: 
 
J. Corredor, M. J. Rivero, C. M. Rangel, F. Gloaguen, I. Ortiz. 
“Comprehensive review and future perspectives on the 
photocatalytic hydrogen production”. Journal of Chemical Technology 
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Comprehensive review and future perspectives
on the photocatalytic hydrogen production
Juan Corredor,a María J Rivero,a Carmen M Rangel,b Frederic Gloaguenc
and Inmaculada Ortiza*
Abstract
Hydrogen represents a renewable energy alternative that may positively contribute to get over the global energy crisis while
at the same time reducing its environmental burden. Overcoming the challenge of reaching this potential could be helped
by careful choice of hydrogen (H2) sources. Photocatalytic generation of H2, although a minor alternative, appears to be a
very good option at the time that liquid wastes are being degraded; therefore, this approach has given rise to an increasing
number of interesting studies. Here, we aim to provide an integrated overview of the different photocatalytic, heterogeneous,
homogeneous and hybrid systems. First, we categorize the units and mechanisms that take part in the photocatalytic process,
and secondly we analyze their role and draw comparative conclusions. Thus, we analyze the role of (i) the electron source to
carry out proton reduction, (ii) the proton source, which can be free protons in the medium or a proton donor compound,
(iii) the catalyst nature and concentration, and (iv) the photosensitizer nature and concentration. We also provide an analysis
of the influence of the solvent, especially in homogenous systems as well as the influence of pH. We provide a comparison
of the photocatalytic performance, highlighting the advantages and disadvantages, of different systems. Thus, this review is,
on the one hand, an update on the state of the art of photocatalytic generation of H2 from a full perspective that integrates
homogeneous, heterogeneous and hybrid systems, and, on the other, a source of useful information for future research.
© 2019 Society of Chemical Industry
Keywords: photocatalytic hydrogen production; homogeneous, heterogeneous and hybrid systems; comparative performance
STATE OF THE ART OF PHOTOCATALYTIC
GENERATION OF HYDROGEN
Increased emissions of greenhouse gases to the atmosphere due
to fossil fuel combustion pose a serious threat to the environment.
Hydrogen (H2)-based energy comes out as a clean alternative
because its direct combustion does not generate pollutants or
greenhouse gases.1–5 Nowadays, 95% of H2 is obtained by steam
reforming of fossil fuels, mainly methane. This process operates at
high temperatures and pressures, and thus is energy-intensive.6–8
Water (H2O) electrolysis is one of the most promising H2 produc-
tion alternatives, especially, for storage of surplus electricity; a
variety of commercial electrolysers for large-scale applications is
available on the market.9,10 However, the energy consumption
associated with electrolysis must be significantly reduced before
this process becomes competitive at large scales. Photocatalytic
generation of H2 from organic solutions or H2O, although con-
sidered a minor source in terms of produced H2 volume, appears
to be a complementary and renewable way for simultaneous H2
generation and wastewater remediation.11–16
In 1972, Fujishima and Honda reported the first heterogeneous
photocatalytic H2 production, HETPHP, by water splitting.
3,17 HET-
PHPs are assisted by a semiconductor that acts as catalyst and
light harvester. Five years later, Lehn et al. (1977) published the
first homogeneous photocatalytic H2 production, HOMPHP, from
triethanolamine (TEOA).18 Typical HOMPHPs involve the use of
an organometallic complex as catalyst and a second organic
or organometalic compound as photosensitizer. More recently,
hybrid photocatalytic H2 production systems, HYBPHPs, have been
developed making use of the system units of both HETPHPs and
HOMPHPs, homogeneous catalysts and heterogeneous photosen-
sitizer semiconductors.19
More recently, interesting reviews have addressed separately
each of the three system categories20–26 but there is no inte-
grated and comparative analysis of the three systems. The present
review provides such an integrated overview of the photocat-
alytic generation of H2, and the influence of the photocatalytic
units and process variables on H2 production rate and stability.
This comparison has been made in terms of H2 production per
unit time per gram of catalyst (molH2·gcat−1·time−1) for HETPHPs,
turnover Frequency (TOF) for HOMPHPs and HYBPHPs, and moles
of H2 per mole of catalyst, turnover number (TON), as defined in
Eqns (1) and (2).
The stability of the photocatalytic system, and the process effi-
ciency are determined through the ‘Quantum Yield’ (QY) and
‘apparent Quantum Yield’ (AQY) Eqns (3) and (4),23–27 as indicators
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QY (%) = Number of reacted electrons
Number of absorbed photons
· 100
=
2 · Number of hydrogen molecules
Number of absorbed photons
· 100 (3)
AQY (%) = Number of reacted electrons
Number of incident photons
· 100
=
2 · Number of hydrogen molecules
Number of incident photons
· 100 (4)
In HETPHPs, the stability of the photocatalyst is an important
parameter in process design and scale-up. A need for aging pro-
tocols that may predict photocatalyst lifetime is deemed crucial in
the fostering of applications.
INFLUENCE OF SYSTEM UNITS ON
PHOTOCATALYTIC PERFORMANCE
As already stated, HETPHPs use a semiconductor photocatalyst
and a sacrificial agent. The semiconductor acts as both a catalyst
for the generation of H2 and a photosensitizer or light harvester.
The H2 production mechanism by HETPHPs involves the follow-
ing steps. (1) The absorption of photons from a light source with
sufficient energy to overcome the band gap of the semiconductor
photocatalyst promotes an electron from the valence band of the
semiconductor to the conduction band, creating an electron–hole
pair. (2) The electrons that reach the surface of the photocata-
lyst can reduce H+. The holes can oxidize H2O or the sacrificial
agent, depending on the band gap of the semiconductor. The
electrons and holes which have not reacted recombine between
themselves;28,29 Fig. 1(a) illustrates this mechanism.
In order to reduce protons to H2, the photocatalyst conduction
band potential (ECB) has to be more negative than the proton
reduction potential (EH
+
/H2). In addition, in order to oxidize the
sacrificial agent, the photocatalyst valence band potential (EVB) has
to be more positive than the sacrificial agent oxidation potential
(ED/D
+) [Fig. 2(a)]. Water also can be oxidized if the EVB is more
positive than its oxidation potential.
Conventional HOMPHPs are composed of a soluble molecu-
lar catalyst, a soluble molecular photosensitizer and an electron
donor. HOMPHPs consist of the following steps. (1) Absorption of
photons from a light source by the photosensitizer to reach an
excited state. (2) The excited state is quenched by electron trans-
fer through a reductive or an oxidative reaction pathway (Fig. 3).
It also can be quenched thermally by collision with other system
compounds.30 (2a) Reductive quenching of the excited photosen-
sitizer involves an electron transfer from the electron donor to the
excited photosensitizer, generating the reduced form of the pho-
tosensitizer. Then, an electron is transferred to the catalyst and the
photosensitizer returns to its initial form. (2b) Oxidative quenching
consists first of an electron transfer from the excited photosensi-
tizer to the catalyst, generating the oxidized form of the photosen-
sitizer that, secondly, oxidizes the sacrificial agent returning to its
initial form. (3) Finally, the catalyst decreases the energetic barrier
for the reduction of protons, which accelerates the rate of H2 pro-
duction. Because H2 is formed upon the coupling of two electrons
and protons, in at least two separate steps, several reaction path-
ways might occur, such as: two sequential electron transfers to the
catalyst that then reacts with two protons, or the disproportiona-
tion of two hydrid species (Cat—H) formed transiently by reaction
of the one-electron reduced form of the catalyst with a proton.31
The overall mechanism is illustrated in Fig. 1(b).
The oxidation potential of the excited photosensitizer (EPS*/PS
+)
in the oxidative quenching case [Fig. 2(b)] and oxidation potential
of the reduced photosensitizer (EPS
−
/PS) in the reductive quenching
case [Fig. 2(c)], must be more negative than the reduction poten-
tial of the catalyst in its active form (ECat/Cat
−). Moreover, the reduc-
tion potential of the oxidized photosensitizer (EPS
+
/PS) in the oxida-




−) in the reductive case, have to be more positive
than the electron donor oxidation potential (ED/D
+). The possibil-
ity of several proton reduction pathways adds complexity to the
determination of the redox potential at which the molecular cata-
lysts are active.
HYBPHPs make use of a soluble molecular catalyst, a semicon-
ductor as photosensitizer and a sacrificial agent. In this case, the
first and second steps of photocatalytic H2 production are the
same as those in HETPHPs. As a third step, the catalyst accelerates
the reduction of protons to H2 via several reaction pathways as in
homogeneous systems. Figure 1(c) illustrates this mechanism.
Thermodynamically, ECB has to be more negative than ECat/Cat
−
and EVB has to be more positive than the oxidation potential of the
sacrificial agent (ED/D
+)[Fig. 2(d)].
Figure 1. Photocatalytic H2 production by: (a) heterogeneous system, (b) homogeneous system and (c) hybrid system. Cat, catalyst; PS, photosensitizer;
D, electron donor/sacrificial agent.
wileyonlinelibrary.com/jctb © 2019 Society of Chemical Industry J Chem Technol Biotechnol 2019; 94: 3049–3063
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Figure 2. Potential schemes of the different photocatalytic H2 production systems: (a) heterogenous system; (b) homogeneous system with oxidative
quenching of excited photosensitizer; (c) homogeneous system with reductive quenching of excited photosensitizer; and (d) hybrid system. SC,
semiconductor; D, electron donor; PS, photosensitizer. Cat, catalyst.
Figure 3. Scheme of reductive and oxidative quenching. PS, photosensi-
tizer; ED, electron donor; cat, catalyst.
Therefore, adequate selection of the set of sacrificial agent,
catalyst, photosensitizer and solvent is of paramount importance
for the optimum performance of photocatalytic H2 production.
Sacrificial agent
The oxidation of H2O, which provides electrons in the photocat-
alytic system, is an energy-intensive reaction. As a result, the use
of sacrificial agents is common to most of the artificial photocat-
alytic systems for H2 production. They act as electron donors to
provide electrons for proton reduction and as hole scavengers
preventing the electron–hole recombination and so increasing
efficiency of the process.32–34 HETPHPs use only one compound as
sacrificial agent, whereas HOMPHPs and HYBPHPs can use either
a compound as electron donor or a different one as proton donor,
or the same compound for both functions, such as ascorbic acid or
trimethylamine. Therefore, the term sacrificial agent is frequently
used in heterogeneous systems, and electron donor and proton
donor are most commonly used in homogeneous and hybrid
systems.
Since the pioneering discovery of a photoelectrochemical
water-splitting cell using a Pt/TiO2 photoelectrode for H2 produc-
tion by Fujishima and Honda (1972), many works have researched
water splitting to produce H2
17 However, water splitting is a less
efficient process than using sacrificial donors to achieve high H2
evolution rates. This can be attributed to a higher effectiveness of
the sacrificial agent as hole (h+) scavengers and the suppression
of the back reaction to produce H2O because O2 is not evolved,
thus, increasing the H2 yield.
35 The water-splitting reaction
[Fig. 4(a)] is a large uphill reaction with a Gibbs free energy change
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Figure 4. H2 production reaction (a) from H2O (water splitting) and (b) from
methanol.
of ΔG = +237.1 kJ mol−1. The photocatalytic reaction using a
sacrificial agent is still an uphill reaction, but less so than the
water-splitting one. For example, in the photocatalytic hydro-
gen production from methanol the Gibbs free energy change
is +9.3 kJ mol−1 [Fig. 4(b)].36 Moreover, some waste effluents
containing easy to oxidize compounds could be used for H2 gen-
eration reporting an additional advantage to the photocatalytic
remediation of these effluents.2,22
Sacrificial agents used in HETPHPs can be of inorganic or
organic nature. The most common inorganic sacrificial agent is
the Na2S/Na2SO3 mixture, mainly used in the presence of metal
sulfide photocatalysts such as CdS, CuInS2-AgInS2 and CdSe.
37,38
A wide variety of organic sacrificial agents has been used in liter-
ature such as alcohols (methanol and ethanol), acids (e.g. formic
acid, acetic acid, dichloroacetic acid), aldehydes (formaldehyde
and acetaldehyde), biomass derivatives39 and other organic com-
pounds as TEOA, azo dyes and ethylenediaminetetraacetic acid
(EDTA). Alcohols are the organic compounds most widely used
as sacrificial agents in photocatalytic H2 production processes,
especially with TiO2-based photocatalysts. Among them, those
with more OH groups and more 𝛼-H show the best H2 production
rates. Therefore, methanol and glycerol are the most suitable alco-
hols for H2 production.
2,40–43 Glycerol has received much attention
as sacrificial agent because it provides a H2 production rate of
70 mmol g−1 h−1.36,44,45
In order to select the most suitable sacrificial agent for HETPHPs,
the redox potentials of all of the system units have to be con-
sidered (Fig. 3). However, there are other factors that can exert
influence on the process performance, such as the stability of the
sacrificial agent during the process and its interaction with the
photocatalyst.46 Wang et al. (2017) studied the photocatalytic H2
generation when working with g-C3N4, Zn0.5Cd0.5S and TiO2 as cat-
alysts and different sacrificial agents. Among the sacrificial agents
that were screened, TEOA, Na2S/Na2SO3 and methanol provided
the best results with g-C3N4, Zn0.5Cd0.5S and TiO2, respectively.
46
TEOA has a lower oxidation potential and a higher permittiv-
ity than the other investigated amines.47,48 Na2S/Na2SO3 gives
the best results with sulfide photocatalysts because it decreases
self-photocorrosion.37,46
Optimal pH conditions in HETPHPs depend mainly on the nature
of the sacrificial agent and on its adsorption on the surface of the
semiconductor.49 The influence of pH is related to the Point of Zero
Charge (PZC) of the semiconductor, which will be discussed in the
next section.
Low pH values increase the concentration of protons in the
medium and facilitate the protonation of the molecular catalyst.
Dissociation of the sacrificial agent is needed to provide electrons
to the photosensitizer. Therefore, the optimal pH for H2 evolution
in HOMPHPs and HYBPHPs is usually a value close to the pKa of the
electron donor.50–52
In HOMPHPs and HYBPHPs, tertiary aliphatic amines are the most
widely used electron donors. The performance of triethylamine
(TEA) and TEOA is favoured by their irreversible oxidation at about
0.9 V versus NHE and the ability to provide two reductive electrons
for each absorbed photon. TEA (pKa 10.7) and TEOA (pKa 7.9)
53 are
used under basic conditions (pH> 8). EDTA is the tertiary amine
that can act as electron donor at a lower pH, ranging between 5
and 7.53,54 Under relatively acidic conditions, ascorbic acid is used
widely as electron donor (pKas 4 and 11.3),
53 it has the ability to
act also as proton donor, providing H+ to be reduced to H2.
52,55
Carboxylic acids, such as lactic acid (pKa 3.9) and oxalic acid (pKa
1.2 and 4.2),56 also have been used in aqueous solutions over a
wide pH range from slightly acid to slightly basic.57–59 Therefore,
working at a pH value close to the pKa of the electron donor
enhances the H2 production rate.
In summary, according to prevailing knowledge, selecting the
most suitable sacrificial agent and concentration for any photocat-
alytic hydrogen production system is mostly empirical, depending
on the system units and the reaction medium. However, the rela-
tive redox potentials of the system compounds and the pH of the
reaction medium should be considered for a good performance in
photocatalytic hydrogen generation.45,60
Catalyst
The function of a high performance heterogeneous photocatalyst
is to: (i) avoid fast electron–hole recombination; (ii) allow fast dif-
fusion of the electrons and holes to the surface of the semicon-
ductor; (iii) have band potentials suitable to those of the sacrificial
agent oxidation and proton reduction; (iv) be photoactive under
visible light, which is related to the band gap of the semiconductor;
(v) to display good chemical stability; and (vi) to be cost-effective.61
A wide variety of semiconductor photocatalysts has been inves-
tigated so far, such as chalcogenides (ZnS, CdS, CdSe),62,63 metal
oxides (TiO2, Cu2O, ZrO2),
8,16 carbonaceous materials (g-C3N4)
64–67
and solid solutions [(Ga1-xZnx)(N1-xOx), (AgIn)xZn2(1-x)S2].
37,68–73
However, TiO2 is still the most widely used photocatalyst because
of its good stability in a wide range of pH conditions, resistance
to photo-corrosion, nontoxicity and commercial availability. The
small portion of the solar spectrum (c.4–8%) absorbed by TiO2 is
its main drawback.74–78
Figure 5 shows some materials that have been used in photo-
catalytic H2 production. It is remarkable that catalytic materials
need a sacrificial agent because they are not able to oxidize H2O
molecules due to their low valence band potential.
In order to design a stable and a high performance photo-
catalyst, a variety of strategies have been developed [Fig. 6(a)].
The first one consists of doping the photocatalyst with different
elements, by introducing or extracting atoms in/from its lattice
structure. Iron (Fe), carbon (C), boron (B) and nitrogen (N) are
common dopants that provide advantages such as narrowing the
energy gap and reducing the yield of charge recombination.79–82
The second strategy consists of coupling the photocatalyst with
metals creating semiconductor/metal heterojunctions that can
form a Schottky barrier and avoid the fast charge recombination.
The metal also can act as co-catalyst reducing the overpotential
for the surface electrochemical reactions. Moreover, the metal can
improve the light absorption by surface plasmon resonance. The
use of noble metals as co-catalysts provides higher H2 production
rates than the semiconductor catalyst alone; however, their asso-
ciated high cost, and scarce availability limit their application.61
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Figure 5. Band positions of some semiconductor photocatalysts and the redox potentials of water splitting at pH 7 in aqueous solution.
The third strategy consists of coupling two semiconductors.
The oxidation of the sacrificial agent or H2O and the reduction
of hydrogen can be carried out on one of the semiconductors,
whereas the other one can contribute to (i) enhancing the sep-
aration and transport of the electron–hole pairs, (ii) sensitizing
the photocatalyst to visible light or, (iii) acting as co-catalyst
such as CdS/TiO2 or TiO2/PbS.
83–86 If redox reactions occur one in
each semiconductor, the structure is called a Z-scheme. It allows
combination of a semiconductor with strong reduction power
with another semiconductor with strong oxidation power. As a
result, the Z-scheme photocatalyst has strong redox potential and
spatially separated active sites. Some Z-scheme catalysts make
use of a charge carrier mediator such as Fe2+/Fe3+, IO3−/I− or an
electron conductor such as Au or Ag, that is used to facilitate
charge carrier transfer between the semiconductors.87
Another advanced strategy consists of grafting an inorganic or
organic dye such as eosin Y to the semiconductor surface. These
dyes can act as visible light photosensitizers. They facilitate the ini-
tiation of the photochemical process by their own photoexcitation
under visible light irradiation, followed by the transfer of electrons
to the semiconductor.88–90
Yet another strategy consists of the physical modification of the
semiconductor 3D structure, optimizing its shape and size, and
hence increasing the active surface to enhance the photocatalytic
activity. For example, TiO2 has been synthesized in a wide range
of morphologies such as spheres, rods, tubes, nanosheets, fibres
or interconnected architectures.91 Recently, quantum dots have
been proposed as attractive materials with enhanced performance
in the generation of H2. Particles with diameters between 1 and
10 nm exhibit better charge transport and separation properties
than conventional nanoparticles.23
Finally composite materials are gaining attention. The main
candidate materials to allow the large-scale application of HETPHP
are TiO2, CdS and g-C3N4 based materials.
Photocatalyst modification strategies improve the H2 produc-
tion performance of the photocatalyst. However, the photocatalyst
performance also can be improved by optimizing the operational
conditions of the system. The most important parameter is the pH
of the solution. The point of zero charge (PZC) of the semicon-
ductor surface is an important parameter in HETPHPs in order to
select the optimal pH conditions. At pHs higher than this value, the
surface is deprotonated and becomes negatively charged, which
attracts cations. Conversely, at pHs lower than the PZC, the pho-
tocatalyst surface becomes positively charged and attracts anions.
In the case of commercial TiO2 P25, pH at PZC is 6.4. Moreover, the
superficial charge can influence the agglomeration of the semi-
conductor particles at pH close to PZC.92–94
In HOMPHPs and HYBPHPs, the first catalyst used was colloidal
platinum (Pt), which produced hydrogen under visible light irradi-
ation, using [Ru(bpy)3]
2+ as chromophore, [Rh(bpy)3]
3+ as electron
mediator and TEOA as sacrificial agent.95 An electron mediator was
needed to transfer the electrons from the photosensitizer to the
catalyst. Soon after, several studies demonstrated that H2 produc-
tion could be achieved by replacing Pt with a metal complex based
on cobalt (Co) as catalyst and without electron mediator.96–99 Since
then, homogenous systems have used noble metal [Pt, palladium
(Pd), rhodium (Rh)]-based catalysts or earth-abundant metals [Co,
nickel (Ni), Fe, molybdenum (Mo)]. Although noble metal particles
are generally more stable than organometallic catalysts,19 their
scarcity and high cost make them unsuitable for large-scale H2
production.100
Earth abundant-based materials catalyzing H2 production have
been remarkably improved during the past ten years. Bio-inspired
hydrogenase mimicking molecules have been developed trying
to reproduce the active site of the hydrogenase enzyme, which
is used by some microorganisms to catalyze the interconversion
of protons and electrons into H2. Hydrogenase active sites are
based on Fe and/or Ni, which are earth-abundant first row tran-
sition metals.24 Among them, [FeFe]-hydrogenase is effective at
catalyzing the reduction of protons to H2, achieving turnover fre-
quencies (TOFs) greater than 6000 s−1.101 The use of bio-inspired
[FeFe]-hydrogenase mimics in HOMPHPs allows reaching very
high H2 production yields; Jian et al. (2013) and Wang et al.
(2013) reported a turnover number (TON) of 52 000 and 27 000
molH2/molcat., respectively.
102,103
The main challenges facing HOMPHPs and HYBPHPs are chemi-
cal stability over time, poor quantum yield of the process and the
solubility of the system units in H2O. Actually, it is unclear whether
the lack of stability over time is due to the deactivation of the
catalyst or the photosensitizer. In HOMPHPs, some authors have
noticed that after a few hours the catalyst is decomposed,104–106
whereas other authors have attributed the loss of activity to
the decomposition of the photosensitizer.51,107 Other works have
shown that both system units are decomposed.108,109 Therefore,
there is no clear conclusion to be drawn on this issue. Concern-
ing the quantum yield, these systems, which can reach high H2
production rates, display, however, poor QY barely exceeding
1%. This is attributed to the weak efficiency of electron transfer
between the photosensitizer in its excited state and the molecular
catalyst.107 Improving the aqueous solubility of the homogeneous
catalyst is another important challenge, because H2O is the pre-
ferred proton source in practical systems.19,110
In order to overcome these challenges, various strategies have
been developed [Fig. 6(b)]. One of them consists of anchoring
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Figure 6. Strategies to enhance the photocatalyst performance: (a) heterogeneous systems; (b) homogeneous and hybrid systems.
together all the system units, which improves the electron
transfer processes.111,112 The use of surfactants, such as sodium
dodecyl sulfate (SDS), helps to overcome the solubility prob-
lems. SDS forms micelles in H2O, helping the dispersion of
H2O-insoluble transition-metal complexes used as proton reduc-
tion catalysts.105,113 Modifying the catalyst coordination sphere
by introducing hydrophilic ligands also can improve the catalyst
solubility in H2O.
19 These strategies improve the H2 production
performance of the catalyst. However, the catalyst performance
also depends on the operational conditions of the system and has
to be stable at the working pH.104,114
Photosensitizer
The photosensitizer performance is essential for efficient light
harvesting, generation and transfer of excited electrons, the most
important factors that may limit the QY of the photocatalytic H2
generation system.
The requirements for a high-performance photosensitizer are: (i)
very broad light absorption range with high molar extinction coef-
ficient in the visible light region; (ii) suitable redox potentials for
electron transfer from the electron donor to the photosensitizer;
(iii) long excited states lifetime; (iv) high photo-stability to allow
for long-term H2 production; and (v) good solubility in the reaction
medium.115,116
In HETPHPs, the semiconductor generally acts as photosensitizer
and catalyst simultaneously. However, some strategies such as
the addition of an organic dye and a second semiconductor with
narrow band gap, such as CdS, have been proposed to improve the
photo-activity under visible light.88,117,118
In homogeneous configurations the catalyst and the photosensi-
tizer are generally two separated units. However, there are several
studies which have made use of photosensitizers chemically
anchored to the catalysts forming the so-called supramolecular
catalysts. Most of the photosensitizers used in HOMPHP have
visible response. Metal-free organic dyes such as rose Bengal
or Eosin Y,119,120 and metal complexes such as [Ru(bpy)3]
2+ or
[Ir(bpy)(ppy)2]PF6
121,122 have been widely investigated during
the last four decades. Although metal-free organic dyes are less
expensive than metallic complexes, they typically suffer from
short lifetimes due to photodegradation. More effective HOM-
PHPs have been prepared using noble metal complexes with
ruthenium (Ru), iridium (Ir) or Pt as photosensitizers.123–125 Among
them, [Ru(bpy)3]
2+ has been the most-studied metal complex.
It has strong absorption in the range of visible light with 𝜆max
of 452 nm126 and the lifetime of its excited specie is relatively
long; however, [Ru(bpy)3]
2+ suffers from poor photostability. Ir
(III) complexes have higher stability and higher luminescence
properties than [Ru(bpy)3]
2+, and, in addition, their absorption
wavelengths can be tunable. Therefore, Ir (III) complexes are the
most effective photosensitizers due to their excellent excited-state
properties.115 Nevertheless, the scarcity of the noble metals lim-
its their large-scale application. Consequently, noble metal-free
complexes composed of earth-abundant compounds have been
developed. Aluminium (Al) and copper (Cu) complexes127–130 have
been used, and zinc (Zn) porphyrins131,132 have been synthesized
leading to higher activities and longer lifetimes.
In order to increase the photosensitizer time stability, the use of
semiconductors has been proposed. This turns the homogeneous
system into a hybrid one. The most widely used are nanoparticles
(TiO2, ZnS, GaP),
133,134 carbonaceous semiconductors (g-C3N4),
135
and quantum dots (CdS, CdTe, CdSe).50,136
These configurations exhibit high catalytic activity, broad visi-
ble light absorption and long-term stability. The combination of
molecular catalysts and quantum dots as photosensitizers, in a
system with [FeFe]-hydrogenase mimics as catalyst, ascorbic acid
as electron donor, methanol–H2O mixture as solvent and CdTe
quantum dots as photosensitizer, has led to TON higher than
50 000 molH2/molcat.
102 Jian et al. (2016) compared the perfor-
mance of CdSe quantum dots and [Ru (bpy)3]
2+ as photosensi-
tizer using [FeFe]-hydrogenase mimics as catalyst, ascorbic acid as
electron donor and H2O as solvent. TON of >25 000 molH2/molcat.
was achieved with CdSe quantum dots, whereas TON of <200
molH2/molcat. was achieved with [Ru(bpy)3]
2+.52 The use of semi-
conductor quantum dots as photosensitizers seems to be the best
option because they usually have lifetimes longer than homoge-
neous photosensitizers. Among them, CdTe and CdSe offer the
best H2 production performance.
In general, the photosensitizer concentration has a remarkable
influence on the H2 production rate. The higher the photosensi-
tizer concentration, the faster the H2 production, although a com-
promise of an optimum value for a given photosensitizer concen-
tration is usually searched for.50,52,106
The influence of pH on photosensitizer performance is less
important than on the electron donor dissociation. However, it has
to be accounted for regarding the photosensitizer stability.
Solvent
In HETPHPs, the catalyst solubility is not an issue. Moreover, the
system units can be easily recovered from the treated solution.
Generally, the solvent is H2O that can act as proton donor in
the H2 production process. Water splitting also produces hydroxyl
radicals that are able to carry out the indirect oxidation of the
sacrificial agent. Some studies have shown that when the reaction
mixture contains low H2O ratios, H2 production is disfavoured.
2,45
In HOMPHPs and HYBPHPs, the solvent selection depends on
the nature of the molecular catalyst and the photosensitizer. Some
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of them are soluble in organic solvents such as acetonitrile, ace-
tone, dimethylformamide (DMF) and tetrahydrofuran (THF).106,115
Encapsulating the catalyst inside micelles or cyclodextrins can help
to overcome the solubility problem; this strategy has been used
with low solubility [FeFe]-hydrogenase models.51,110 The organic
solvents can lead to weak dissociation of the sacrificial agent,
which can decrease significantly the concentration of the species
that react easily with the photosensitizer. Therefore, when mix-
tures of organic solvents and H2O are used, the optimum vol-
ume ratio to provide the best photocatalytic performance must be
screened for.137
COMPARATIVE PERFORMANCE OF THE
DIFFERENT SYSTEMS
Making a thorough comparison of the results reported in the
literature is a complex issue due to the difference in experimental
conditions and setups. In this section, the different configurations
and their suitability for large-scale applications will be discussed.
Table 1 shows some data corresponding to systems with high
photocatalytic H2 production rates.
HETPHPs are usually evaluated using solution volumes of c.
0.1–2 L, whereas homogeneous and hybrid systems are tested
in volumes of <10 mL, which is a ten- to 200-fold difference
in volume that supports an advantageous scaling-up facility for
heterogeneous systems.
The wavelength range of radiations used in heterogeneous sys-
tems depends on the semiconductor band gap. Sulfide photocat-
alysts are commonly irradiated by visible light because its band
gap value is 2.4 eV.138 TiO2 photocatalysts need UV light because
its band gap is 3 eV and 3.2 eV for rutile and anatase phases,
respectively. However, TiO2 modified by organic or inorganic dyes
can produce H2 under visible light irradiation. In homogeneous
and hybrid systems, visible light is frequently used because most
photosensitizers have good response in this wavelength range.
Mercury-vapour lamps and xenon arc lamps, which emit both in
the visible and UV regions are often used. Cutoff filters are then
required to select the desired range. New developments in LEDs
receive increasing attention, especially because they can emit in a
narrow wavelength range and their low emission of heat.
It is remarkable that to achieve the highest H2 production rates
in HETPHPs, the sacrificial agent–catalyst pair is to be strongly
connected. Therefore, Na2S and Na2SO3 are commonly used with
sulfide photocatalysts to avoid photocorrosion. Glycerol provides
the best results for TiO2-based photocatalysts. However, the high-
est H2 rate has been achieved by Wang et al. using lactic acid and
CdS/TiO2/Pt.
139 This work is an exception to the above-mentioned
trend. In homogeneous and hybrid systems, ascorbic acid is the
sacrificial agent involved in the systems achieving the highest H2
production TON independently of the chosen catalyst.
Table 1 reports H2 production rates per gram of catalyst in het-
erogeneous systems (mmol H2·gcat.−1·h−1), and per mole of catalyst
(TOF h−1) in homogeneous and hybrid systems. In HETPHPs, bare
TiO2 produces a small volume of H2 whereas TiO2 with a co-catalyst
enhances the photocatalyst performance and achieves high H2
production rates. Chen et al. (2018) showed a 13-fold increase over
the bare TiO2, when attaching Au as a co-catalyst.
140 Coupling
another semiconductor to TiO2 also improved the H2 production,
as reported by Lakshmana Reddy et al. (2017) who coupled TiO2
with Bi2O3 improving thus H2 production ten-fold.
141 Moreover,
both strategies can be implemented simultaneously. Wang et al.
(2018) coupled TiO2 with CdS and Pt as co-catalyst.
139 A 42-fold
increase in H2 production was achieved as compared to CdS/Pt.
Nevertheless, the maximum value reported for H2 production rate
is <100 mmol g–1 h–1.
In HOMPHPs, anchoring the catalyst and photosensitizer with
covalent bonds can improve the system performance. Gao et al.
(2014) improved the hydrogen production rate more than five-fold
with this strategy.142 In order to increase the photosensitizer stabil-
ity, dyes have been replaced by semiconductors, thus turning the
homogeneous system into a hybrid one. Jian et al. (2016) reported
an almost 70-fold increase in the initial rate and two-fold increase
in the time stability with CdSe quantum dots as compared to the
Ru-complex used as photosensitizer.52 Therefore, hybrid systems
are gaining attention.
In general, the highest H2 production rates are achieved with
HOMPHPs and HYBPHPs. This can be ascribed to the lack of
mass transfer limitations. The kinetics of H2 production in het-
erogeneous systems are almost linear during the evaluated reac-
tion times when the sacrificial agent is in excess in the solution.
Notwithstanding this, HOMPHPs and HYBPHPs exhibit stability
issues, with the maximum rate being maintained only during the
first few hours.
Time stability of the system is expressed as the period of time
during which the system is producing H2. Table 1 shows that
HETPHP maintains its activity from 4 h to 25 h. Most studies on
heterogeneous systems do not evaluate the performance of the
catalyst for long periods if the photocatalyst does not show signif-
icant activity decrease during the first hours. One of the reasons
of the wide use of TiO2 as photocatalyst is its high stability. ZnO
is another semiconductor metal oxide that has been highlighted
for its high stability.143,144 Sulfide photocatalysts have been stud-
ied widely due to their visible light response, especially CdS.
This photocatalyst has poor stability due to the photocorrosion
that oxidizes S2− by photogenerated valence band holes. This
is accompanied by the release of Cd2+ to the solution.145 The
photocorrosion phenomenon can be avoided by using a sacrificial
agent that effectively takes photogenerated holes away from the
valence band of CdS; the best results have been obtained with
Na2S and Na2SO3,
146 for which stabilities of >100 h have been
observed.147 g-C3N4 has attracted special attention in the last
decade due to its visible light response and its high stability.64
Most homogenous and hybrid systems are studied as long as
H2 production carries on, but it frequently stops after few hours.
This can be due to deactivation of the photosensitizer and/or the
catalyst or both. Hybrid systems possess more time stability than
homogenous systems because the semiconductor is more stable
than the organic and metal-complex used as photosensitizer.
Suspended heterogeneous photocatalysts can be recovered
from the solution through coagulation and sedimentation or
membrane filtration.148 Hybrid semiconductor photosensitizers
also can be recovered from the solution. However, hybrid catalyst
and homogeneous catalyst and photosensitizers are difficult and
expensive to recover.149 Table 2 collects the advantages and disad-
vantages of each system that can facilitate the adequate compari-
son and selection.
Up to now, real wastewaters have been treated solely by HETPHs,
offering the double benefit of wastewater remediation and simul-
taneous H2 production. Pretreated lignocellulosic biomass such as
rice straw, silvergrass and ryegrass have been treated using TiO2/Pt
as photocatalyst.150,151 Wastewater from biodiesel production152
and other types of wastewater153,154 also have been researched.
Most of these studies include pre-treatment of wastewater and the
use of TiO2-based photocatalysts, although other photocatalysts
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Table 2. Strengths and weaknesses of the different systems
Strengths Weaknesses
Heterogeneous • Easy recovery of the photocatalyst
• High time stability of the system
• Mass transfer limitations
Homogeneous • High H2 production rates • Difficult recovery of the catalyst and photosensitizer
• Low time stability of the system
Hybrid
• High H2 production rates
• Easy recovery of the photosensitizer
• Difficult recovery of the catalyst
• Low catalyst stability
• Higher time stability as compared to homogeneous
systems
• High photosensitizer stability
such as CdS also have been been reported. There are no reports
of H2 production from real wastewater using homogeneous and
hybrid systems.
In summary, heterogeneous systems are closer to large-scale
applications because they have already been assessed at pilot
plant-scale when working with real effluents. They offer the most
suitable alternative for the recovery of the photocatalyst after
treatment. Moreover, heterogeneous systems could be used to
treat residues of biodiesel production, where glycerol is the major
byproduct155; this sacrificial agent has provided the best results
in terms of H2 production rate with TiO2-based photocatalysts.
Hybrid systems could represent a good alternative to processes
where there is no need to remove the catalyst from the solution
after treatment, because the high H2 production rates and the rea-
sonable time stability. Table 2 shows a summary of the strengths
and weaknesses of each systems.
MAIN CONCLUSIONS
This work provides an overview of photocatalytic H2 production
systems through the comparative performance of the three main
configurations, HETPHP, HOMPHP and HYBPHP. The role of the
process units is analyzed and discussed.
HETPHPs are the systems closest to large-scale application usu-
ally offering longer operation times due to the high semiconduc-
tor photocatalyst stability and ability to be recovered from the
treated solution. Moreover, HETPHPs can be considered suitable
to treat wastewater and to produce H2 simultaneously. Pilot plant
studies with real effluents are already available in literature. Pho-
tocatalysts modified by catalyst doping, use of co-catalyst, cou-
pling to a semiconductor and physical modifications, generally
provide higher yields and stabilities than single-component cat-
alysts. Furthermore, photocatalysts without visible light response,
such as TiO2, can be sensitized by incorporation of different mate-
rials such as inorganic and organic dyes. Noble metals act as
co-catalyst improving the photocatalyst performance and also can
improve light absorption by surface plasmon resonance. However,
their high cost and scarce availability limit their application. This
problem has led to an increasing number of studies using pho-
tocatalysts based on earth-abundant materials. Suitable pairs of
photocatalyst–sacrificial agent must be tuned, for significant H2
production, based on their oxidation capability and tendency to
adsorb on the catalyst surface.
The highest H2 production rates under visible light irradiation
have been achieved with HOMPHPs or HYBPHPs. However, homo-
geneous system stability is usually poor due to the decomposition
of the catalyst, photosensitizer or both. Although noble metal cat-
alysts and photosensitizers offer the best performance, efficient
catalysts and photosensitizers of earth-abundant materials have to
be developed. In this way, bio-inspired [FeFe]-hydrogenase mim-
ics composed by an earth-abundant material appear as promis-
ing catalysts because they achieve very high hydrogen production
rates. The difficulties in catalyst and photosensitizer recovery make
this technology suitable to obtain hydrogen but the final effluent
should be treated prior to discharge.
Hybrid systems can be regarded as the latest development that
combine the catalyst used in HOMPHP with semiconductors of
HETPHP as photosensitizers. Therefore, they would be a great alter-
native to overcome the low stability problem of homogeneous
photosensitizers combined with the high performance of homo-
geneous catalysts. Semiconductor quantum dots seem to be very
promising as photosensitizers due to the high H2 production rate
achieved, and the improvement in the time stability. Quantum
dots of cadmium chalcogenides such as CdS, CdSe and CdTe seem
to be proper candidates because of their visible light suitability.
However, these materials are less stable than other semiconduc-
tors without visible light response, such as TiO2.
FUTURE PERSPECTIVES
Visible light-driven photocatalytic H2 production is one of the
main challenges hindering large-scale application of these pro-
cesses. In HETPHP systems TiO2, CdS and g-C3N4 based photocata-
lysts are the most promising materials. Therefore, further research
should be done towards TiO2 band-gap tuning. CdS-based materi-
als offer appropriate band gap (CdS band gap = 2.4 eV) to absorb
visible light, but they are toxic and generally unstable in aque-
ous environments.37,70 These materials should be more deeply
investigated to improve their stability. g-C3N4-based materials
have received increasing attention since the first report in 2009
by Wang et al.66 They are promising heterogeneous photocata-
lysts because they possess an appropriate band gap (g-C3N4 band
gap = 2.7 eV),64 slightly higher than CdS, and they show good sta-
bility. Therefore, modifications of these materials should be inves-
tigated to reduce the band gap and to improve their QY. The opti-
mal modification to reduce their band gap could be through fab-
rication of Z-scheme g-C3N4 photocatalysts. This approximation
appears to be more efficient than the doping and morphology
design methods.156
Sluggish catalysis under real operating conditions is often limit-
ing. Hydrogen production catalysts based on solid-state materials
are usually stable but exhibit low selectivity and high sensitivity to
poisoning. By contrast, as their chemical properties can be tailored
through judicious choices of metal and ligands, molecular cata-
lysts based on transition metal complexes enjoy good selectivity
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and tolerance to varied experimental conditions.157 Over the last
decades, the design of molecular catalysts has been inspired by
metalloenzymes,158 which generally possess first row transition
metals in their active sites. First row transition metals (e.g. Fe or
Ni) are orders of magnitude more abundant in Earth’s crust than
heavier transition metals (e.g. Ru, Os, Pd or Pt) but they also form
complexes that are chemically more reactive. In addition, detailed
studies of the natural systems have revealed recurrent features that
help tailor the reactivity of synthetic models. A typical example of
this approach is the rational design by DuBois and coworkers of
a Ni-based molecular catalyst that achieves a turnover frequency
comparable to that of hydrogenase enzymes.159 Unfortunately,
most of the molecular catalysts for H2 production are not solu-
ble in H2O, which is the most attractive solvent for sustainable
conversion of sunlight to H2. Practical use of molecular catalysts
hence will be greatly facilitated if they are able to utilize H2O
as proton source or at least tolerate the presence of H2O.
51 The
various strategies developed for immobilization of molecular
catalysts on solid-state supports represent good solutions to this
issue, while also helping the implementation and recycling of
the catalytic system.157 Anchoring to metal oxide semiconductor
can be achieved by introducing carboxylate, phosphonate or
silane groups in the ligands of the transition metal complexes.
Choosing the appropriate molecular catalyst, solid-state support
and anchoring strategy is hence of primary importance to obtain
the desired performances under specific experimental conditions.
Moreover, anchoring a molecular catalyst on a semiconductor
or dye-sensitized semiconductor nanoparticles appears to be
an attractive strategy to overcome diffusion-limited kinetics of
electron transfer at the semiconductor/solution interface, thus,
helping bridging the gap between fast light absorption/charge
separation and slow catalysis. A representative example of this
approach is the H2 production by a cobalt-based molecular cata-
lyst anchored on dye-sensitized nanoparticles of TiO2.
160 Different
examples also have been reported,161,162 but avoiding the use of
a sacrificial electron donor remains a key issue. In this context,
few demonstrations that combine H2 production with oxidation
of organic compounds, including lignocelluloses, have been
reported recently.163,164 The gap between heterogeneous and
homogeneous catalysis obviously blurs when molecular catalysts
are immobilized on the surface of semiconductors. However, the
chemical group used to link the two components can introduce
fragility and efforts are currently placed on the incorporation of
the molecular catalyst within the semiconducting material.165
Combining a H2 evolution photocathode with a suitable anode
or photoanode in a photoelectrochemical cell is another approach
that allows the physical separation of the semiconductor/solution
interfaces at which the complementary electrochemical reactions
occur.166 Quantum dots of cadmium chalcogenides such as CdS,
CdSe and CdTe seem to be proper candidates for building the pho-
tocathode because of their visible light suitability. However, these
materials are less stable than other semiconductors without visible
light response, such as TiO2. The use of molecular semiconduc-
tors as a promising alternative has been recently explored.167,168
Therefore, an area of interest for future research consists on
the development of high stable quantum dots semiconduc-
tors as well as other semiconductor materials with visible light
response.
The photoreactor configuration plays an important role as well.
There are critical reviews in which the design parameters and
performance of the more common pilot and commercial-scale
photoreactors are discussed. However, they are focused on
wastewater treatment rather than H2 production.
169–171 A limited
number of works about photocatalytic H2 production at pilot
plant-scale have been reported.172–175 All of them belong to the
group of HETPHP systems. Some researchers have produced
H2 under solar irradiation using compound parabolic concen-
trator reactors (CPC), because they are considered as the best
option to capture both direct and diffuse radiation. TiO2- and
CdS-based photocatalysts were used in these works. Solution
volumes between 10 L and 25 L of different sacrificial agents such
as methanol, glycerol and formic acid, and even municipal and
industrial wastewaters were treated. Future research should take
advantage of the accumulated knowledge in photoreactors for the
treatment of H2O and the synthesis of fine chemicals and adapt
them for their application to H2 production. Future research should
test further photocatalytic systems at pilot-plant scale such as
g-C3N4-based materials with anchored molecular catalysts, which
have not been proven yet. In addition, HOMPHP and HYBPHP
systems should be tested in a pilot plant operating under solar
irradiation.
In summary, cost-effective photocatalytic H2 producing sys-
tems should focus on the use of noble metal-free, and visible
light-sensitive system units in order to allow their practical deploy-
ment. Regarding the sacrificial agent, research in the pretreatment
of waste effluents should be undertaken. Additionally, in order
to allow a correct comparison among different photocatalytic H2
production works, a standard procedure with modelling efforts
and representative parameters regarding the quantification of the
energy efficiency are needed.
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Photocatalyst stabilitya b s t r a c t
The viability of the photocatalytic hydrogen production is closely related to the perfor-
mance and long term stability of the photocatalyst. In this work rGO/TiO2 composites have
been synthetized with graphene oxide (GO) ratios from 1% to 10% and experimentally
assessed towards hydrogen generation from methanol solutions. The performance of the
composite with 2% of rGO (2 GT) has been compared to bare TiO2 working with 20% volume
methanol solution. The hydrogen production initial rate showed similar values with both
photocatalysts decreasing after about 24 h. Further analysis of the photocatalytic process
at longer times showed the negative influence of hydrogen accumulation in the reaction
system. Thus, an experimental procedure with argon purge was developed and the
behavior of TiO2 and 2 GT photocatalysts was compared. It is concluded that TiO2 keeps its
activity after 8 operation cycles while 2 GT performance reduces progressively. This can be
attributed to the further reduction of GO and the increase of defects in its structure.
© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved..es (I. Ortiz).
ons LLC. Published by Elsevier Ltd. All rights reserved.
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2Introduction
In the current global energy context of fossil fuel shortage and
the need to mitigate climate change and the associated
greenhouse gas emissions, the research and development of
new and cleaner energy alternatives must be promoted. In
this context, hydrogen appears as a promising clean energy
vector [1e3]. Currently, about 95% of hydrogen is produced by
steam reforming of natural gas under high temperatures and
pressures. The remaining 5% is generated from electrolysis
and from biofuels reforming. The recovery of hydrogen from
the upgrading of organic wastes and from biomass, although a
minor source, could contribute to increase hydrogen avail-
ability at the same time that environmental benefits are
derived. Photocatalysis is among the alternatives to the re-
covery of hydrogen from organic liquid wastes with low-
moderate energy consumption [4,5]. However, research ef-
forts should be devoted to increase the process performance
and stability.
Since the first work by Fujishima and Honda [6] on photo-
electrochemical water-splitting cell for H2 production (1972),
the topic has attracted the attention ofmany researchers [7,8].
The low hydrogen yield associated to water splitting led to the
use of sacrificial agents and photocatalysts aimed at
increasing the process performance. In a recent review the
state of the art and future prospectives on the photocatalytic
hydrogen generation have been thoroughly analyzed. The
photocatalytic hydrogen production systems are classified as
heterogeneous, homogeneous and hybrid systems. Among
them, heterogeneous systems are closer to large-scale appli-
cation because they offer longer operation times and facilitate
the photocatalyst recovery after treatment [7]. TiO2 has been
one of the most studied heterogeneous photocatalysts due to
its suitable properties as chemical and thermal stability, high
photoreactivity and low cost [9]. However, its wide band gap
(3.2 eV) and the high recombination rate of the electron-hole
pairs reduce its photocatalytic activity limiting its applica-
tion. In order to improve the photocatalytic activity of TiO2
different strategies have been developed [8]. One of them is
doping the photocatalyst with different elements that will be
incorporated in the TiO2 lattice [10,11]. Attaching noblemetals
such as platinum to semiconductor photocatalysts leads to
high hydrogen production rates because the Schottky barrier
is formed in the metal/semiconductor interface and the
recombination rate is reduced [12e14]. However, the scarcity
and high price of noble metals limit its application. Currently,
other strategies such as the use of earth-abundant metals as
cocatalyst, and heterojunction structures, e.g., Z-scheme be-
tween two semiconductors, can effectively facilitate charge
transfer and reduce the recombination of photogenerated
electrons and holes, enhancing photocatalytic performance.
Heterojunction catalysts composed of graphitic carbon nitride
(g-C3N4) instead of TiO2 have attracted increasing attention for
hydrogen production under visible light [15e18] as well as the
use of carbonaceous composite materials [19,20].
In this way, synthesis of composite photocatalysts incor-
porating graphene oxide (GO) appears as an interesting
alternative. GO is a two-dimensional planar sheet composed
by localized sp3 defects within the sp2 bonded carbon atomsPlease cite this article as: Corredor J et al., New insights in the perfo
hydrogen production, International Journal of Hydrogen Energy, httpstructured in a honeycomb shaped network with binded
oxygenated groups. It can be reduced to graphene which has
excellent electrical conductivity and large surface area. These
properties can improve the photocatalytic activity of the TiO2
reducing the electron-hole recombination rate thanks to the
ability of the graphene to carry charges due to its fermi level
being lower than the TiO2 conduction band [21e23].
In this work, rGO/TiO2 composites have been synthesized
for the photocatalytic hydrogen generation from methanol
solutions. After analysis and optimization of the concentra-
tion of GO in the composite the performance and stability of
the photocatalysts was studied for long operation times.Materials and methods
Materials
HPLC grade methanol was provided by Scharlau and iso-
propanol 99.5% was supplied by Acros Organics. TiO2 P25 was
purchased to Evonik, and a dispersion of graphene oxide
sheets in water solvent with 4 mg mL1 GO was supplied by
Graphenea. Pure argon 3X was provided by Praxair.
Photocatalyst preparation and characterization
rGO/TiO2 composites with 1, 2, 5 and 10% of rGO weight were
synthesized following the hydrothermal method described in
previous works [22].
The materials characterization was carried out with
different techniques. Fourier transform infrared spectra (FTIR)
were recorded in a Spectrum Two spectrometer (PerkinElmer).
Thermogravimetric analysis were performed in a Shimadzu
DTG-60HDifferential ThermalGravimetricAnalyzer byheating
thesamples innitrogenatmosphere (50mLmin1) from25 C to
800 C at 10 C min1. Raman spectra were recorded by Horiba
T64000RamanSpectrometerwitha514.5nmlaserofKreArand
an effective power of 5mWon the sample. The specific surface
area of the photocatalysts was measured by the Brunauer-
Emmett-Teller (BET) method from nitrogen adsorption-
desorption data in a Micromeritics ASAP 2000 equipment.
Hydrogen production
The photocatalytic hydrogen production experiments aimed
at comparing the performance of the composite catalysts with
different rGO/TiO2 weight ratios were carried out in a sealed
225 mL borosilicate photoreactor with 180 mL of 20% vol.
methanol solution and 0.10 g L1 of photocatalyst. The pho-
tocatalyst long time performance experiments were carried
out in a 330 mL borosilicate photoreactor using 240 mL of 20%
vol. methanol solution as sacrificial agent and 0.18 g L1 of
photocatalyst. The photoreactor was connected to a gas
chromatograph Shimadzu 2010 Plus equipped with a thermal
conductivity detector and a Shin Carbon ST 80/100 column
using argon as carrier gas. 4 Philips PL-S 9W lamps, that
operated within a wavelength range between 315 and 400 nm
and a maximum emission at 365 nm, were used as light
source. The irradiance was 7.5 W m2, measured with a Delta
Ohm HD 2102.1 photoradiometer.rmance and reuse of rGO/TiO2 composites for the photocatalytic
s://doi.org/10.1016/j.ijhydene.2020.01.181
Table 1 e GO content in the composites determined
thought TGA.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 3Argon was bubbled through the suspension for 30 min in
the dark to remove oxygen before the reaction. The temper-
ature was 20 C.
Catalyst code 1 GT 2 GT 5 GT 10 GT
Theoretical rGO (%) 1 2 5 10
Measured rGO (%) 3.4 3.9 6.8 11.8
Fig. 2 e Photocatalysts FTIR spectra before and after the
photocatalytic process.Results
Photocatalysts characterization
TGA curves of TiO2 and rGO/TiO2 photocatalysts are shown in
Fig. 1. The GO thermogravimetric curve showed 3 different
mass loss steps. The first step up to 100 C corresponded to the
adsorbed water in the material. From 150 to 300 C, the mass
loss was due to the removal of the oxygen-containing groups.
Finally, the mass loss from 500 C on was attributable to the
destruction of the carbon skeleton of graphene oxide. Within
these data the content of GO in the composites was deter-
mined as shown in Table 1.
FTIR spectra of TiO2 and 2 GT before and after the photo-
catalytic experiments and FTIR spectrum of GOwere obtained
(Fig. 2). The 3400 cm1 band was assigned to the stretching
vibration of the OeH groups of water. The bands at 1720 and
1619 cm1 in the GO spectrum were assigned to C]O
stretching vibrations from carbonyl and carboxylic groups,
and C]C stretching vibrations respectively. 1380, 1161 and
1037 cm1 bands were attributed to CeO stretching vibrations
in GO. In 2 GT spectrum, bands of C]O groups did not appear,
indicating a successful reduction of GO during the hydro-
thermal process. All composite materials presented intense
bands at 500e800 cm1 that were attributed to the stretching
vibrations of TieOeTi [20].
The materials were also characterized after 96 h of exper-
iment. For the recycled 2 GT, C]C band shifted to lower
wavenumbers in comparison to the fresh photocatalysts [24].
This could be attributed to the modification of the photo-
catalyst structure during the photocatalytic process. In addi-
tion, the recycled photocatalysts showed intense bands atFig. 1 e TGA of the synthesized photocatalys
Please cite this article as: Corredor J et al., New insights in the perfo
hydrogen production, International Journal of Hydrogen Energy, http1200 and 1150 cm1 that were assigned to CeF stretching vi-
brations from the polytetrafluoroethylene (PTFE) released
from the magnetic stirring bar during the photocatalytic pro-
cess [25].
Fig. 3 shows Raman spectra of GO and fresh and recycled
photocatalysts. TiO2 Raman spectrum showed strong bands at
140, 397, 515 and 635 cm1 which corresponded to Eg, B1g, A1g
and Eg lattice vibrations of Ti and O atoms in the anatase unit
cell [26]. No differences were found when comparing fresh
and recycled photocatalysts suggesting that TiO2 preserved its
structure during the hydrothermal synthesis and after the
photocatalytic hydrogen production process.ts with different rGO/TiO2 weight ratio.
rmance and reuse of rGO/TiO2 composites for the photocatalytic
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Fig. 3 e Raman spectra of fresh and recycled
photocatalysts, and GO.
Fig. 4 e 2 GT suspension before (left) and after (right) the
photocatalytic hydrogen production.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x4The band at 1353 cm1 corresponds to D bands of reduced
graphene oxide. The bands G and D’ were found from the
deconvolution through a Lorenzian fitting of the band that
appeared around 1600 cm1 (Table 2). These bands corre-
sponding to reduced graphene oxide confirmed its presence in
the composite. The recycled 2 GT, showed a noticeable blue
shift (z15 cm1) in the G band position. This fact could be
attributed to changes in the rGO structure. The ratio ID/IG
increased in comparison to the fresh composite showing a
higher number of defects in the rGO sheets which can be
caused by a further reduction of the rGO sheets (Table 2). This
factwas also observed by Sher Shah et al. in the degradation of
Rhodamine B using rGO/TiO2 photocatalyst [27]. In addition,
after the photocatalytic process the composite colour became
darker as it can be observed in Fig. 4, which suggests again
that 2 GT suffered a reduction during the photocatalytic
hydrogen production reaction. This reduction could be caused
by the electron transfer from the TiO2 conduction band to rGO.
BET specific surface areas of bare TiO2 and the composites
are shown in Table 3. An increase in the specific surface area
was observed in the composites in comparisonwith bare TiO2,
due to the presence of the reduced graphene oxide sheets.
Moreover, the specific surface area increases with GO content
in the catalysts, which is in agreement with the literature
[26,27]. However, photocatalytic hydrogen production not
only depends on the surface area of the catalyst. Therefore, a
straight relationship between both variables has not been
proposed.
Considering the optical properties, band gap analyses for
these catalysts have been previously reported in Ribao et al.,
2018 [22]. A shift to less energy was observed in the composite
band gap. Nevertheless, this behavior is not related to the
results of thismanuscript as they have been obtainedworking
only with UV light.Table 2 e D, G and G′ bands position and ID/IG.
D (cm1) G (cm1) D’ (cm1) ID/IG
GO 1355 1580 1610 1.63
Fresh 2 GT 1355 1580 1610 1.66
Recycled 2 GT 1350 1595 1618 1.86
Please cite this article as: Corredor J et al., New insights in the perfo
hydrogen production, International Journal of Hydrogen Energy, httpPhotocatalyst performance
Performance of the composite photocatalysts
Two preliminary experiments, one with 20% vol. methanol
solution in the absence of catalyst and the second one with
photocatalyst in the absence of sacrificial agent, were carried
out under UV irradiation to check the unlikely generation of
hydrogen. In both cases no hydrogen production was
detected.
As mentioned in the previous section after synthesis of the
composites, they were tested for the photocatalytic hydrogen
production (Fig. 5). The catalyst concentration was 0.1 g L1
and the experiments lasted for 5 h 2 GT and 1 GT showed
similar hydrogen production with a maximum value of
40 mmol gcatalyst
1 . However, 5 GT and 10 GT performed lower
hydrogen production. The presence of rGO can lower the
charge carrier recombination rate in the photocatalyst
because the photogenerated electrons on the conduction band
canmigrate from the TiO2 to rGO improving the photocatalyst
activity as consequence; but, on the contrary rGO sheets can
reduce the number of available active sites in the photo-
catalyst decreasing its photoreactivity [28]. Therefore, 2 GT
reached the best compromise between these effects.
Photocatalyst stability
The comparative performance of TiO2 and 2 GT was analyzed
from the results achieved in experiments that lasted for 96 h
(Fig. 6). The initial rate was very similar in both photocatalysts
with a value of 1.6 mmol H2 gcatalyst
1 h1. After approximately
20 h in both experiments a progressive decrease of the
hydrogen production rate was observed until the process
stopped completely (plateau around 80 h). Thus, this loss of
activity deserved further research as it will be detailed below.rmance and reuse of rGO/TiO2 composites for the photocatalytic
s://doi.org/10.1016/j.ijhydene.2020.01.181
Table 3 e Specific surface area of the photocatalysts.
Catalyst code TiO2 1 GT 2 GT 5 GT 10 GT
Specific surface area (m2 g1) 54.99 ± 0.29 57.70 ± 0.27 62.63 ± 0.15 77.79 ± 0.31 79.60 ± 0.31
Fig. 5 e Hydrogen production using photocatalysts with
different rGO/TiO2 weight ratios.
Fig. 6 e Hydrogen production with photocatalyst in
suspension.
Fig. 7 e TiO2 and 2 GT photocatalytic hydrogen production
during some cycles.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5
Please cite this article as: Corredor J et al., New insights in the perfo
hydrogen production, International Journal of Hydrogen Energy, httpNext, a set of experiments with alternative periods of
photocatalysis and argon purgewere conductedwith TiO2 and
2 GT. The results achieved after 8 cycles are shown in Fig. 7.
The first cycle of TiO2 and 2 GT in Fig. 7 can be compared with
the data corresponding to the first 12 h of both photocatalysts
represented in Fig. 6. In both cases, the hydrogen production
values are within the experimental error. The first 5 cycles
were run for 12 h each; the rate of hydrogen generation was
similar for both photocatalysts. While TiO2 kept the rate
almost constant, 2 GT suffered a slight decrease in the rate
with the successive cycles, fact that was also observed after
the 8th cycle performed under similar conditions. The rate
decrease could be explained by the further reduction of GO in
the composite with operation time and an increase in the
number of defects that are detrimental for the photocatalytic
activity. The 6th cycle (Fig. 7) showed a similar behavior in the
hydrogen generation as in Fig. 6, that was attributed to the
accumulation of hydrogen in the reaction vessel and the
inhibitory effect of the reaction product as previously reported
[29,30]. The difference between Hþ/H2 reduction potential and
TiO2 conduction band potential was diminished due to the
accumulation of H2 reducing the driving force until the
hydrogen production stops. For long operation times (cycle
6th) it is remarkable that recycled 2 GT suffered a decrease in
the production rate compared to the fresh catalyst that leads
to less hydrogen production than for TiO2.
Cycle 7 was performed by feeding hydrogen in order to
check its inhibitory effect, and as expected no hydrogen was
formed. After removal of the retained hydrogen with the
argon purge the hydrogen generation rate was recovered as
shown in cycle number 8.
The pH was measured after each cycle. Fig. 8 shows the
change in this variable from the initial value of the methanol
solution, 5.8. In the first cycle the sharpest decrease of pH took
place, from 5.8 to 4.3 and in the second cycle from 4.3 to 4; in
the successive cycles there was a slight decrease of pH thatFig. 8 e Initial pH in each cycle and the final pH after the 8
cycles.
rmance and reuse of rGO/TiO2 composites for the photocatalytic
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x6reached a value of 3.8 after the last cycle. This decrease of pH
could be well attributed to the formation of formic acid pro-
duced as intermediate during the methanol decomposition as
it can be observed in Eqs. (1)e(3) [31]. The pH was maintained
around 3.8 because of the buffer capacity of the formic acid
that smooths the pH change during the photocatalytic
hydrogen production process and keeps it close to its pKa
value of 3.8 [32].
The degradation mechanism of methanol is shown in
Equations (1)e(3). This mechanism takes place by direct
oxidation by the catalyst holes, which is the main oxidation












Photocatalytic hydrogen production appears as a good op-
portunity when looking for sustainable energy resources at
the same time that organic wastes are upgraded. The final
deployment of the technology is strongly related to the
availability of high performance and stability catalysts. Being
TiO2 the most widely used material, research efforts are
focused on improving its main drawbacks, i.e., its wide band
gap (3.2 eV) and the high recombination rate of the electron-
hole pairs. The use of noble metals, although increasing the
effectiveness, decrease the cost-effectiveness of the process,
thus, a composite material made with TiO2 and graphene
oxide has been proposed. The presence of GO in the photo-
catalytic hydrogen generation was analyzed and best results
were obtained with 2% of carbonaceous material.
The initial hydrogen production rates for fresh TiO2 and
2 GT catalysts were similar with a value around 1.6 mmol H2
gcatalyst
1 h1. But, the accumulation of the generated hydrogen
in the photocatalytic reactor slowed down the process kinetics
until it was completely stopped after approximately 80 h. A
protocol with argon purge in order to remove hydrogen from
the reaction mixture has shown effective in recovering the
hydrogen generation rate for long operation times.
TiO2 and 2 GT were also evaluated in several operation
cycles with argon purge after each cycle. While TiO2 kept the
initial hydrogen production rate almost constant, 2 GT suf-
fered a slight decrease after the successive cycles compro-
mising its performance. This could be attributed to the further
2 GT reduction after each cycle and the increase in the number
of defects that are detrimental for the photocatalytic activity.
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Abstract: Although there are promising environmental and energy characteristics for the
photocatalytic production of hydrogen, two main drawbacks must be overcome before the large-
scale deployment of the technology becomes a reality, (i) the low efficiency reported by state of the art
photocatalysts and, (ii) the short life time and difficult recovery of the photocatalyst, issues that need
research and development for new high performance catalysts. In this work 2% rGO/TiO2 composite
photocatalysts were supported over Nafion membranes and the performance of the photocatalytic
membrane was tested for hydrogen production from a 20% vol. methanol solution. Immobilization of
the composite on Nafion membranes followed three different simple methods which preserve the
photocatalyst structure: solvent-casting (SC), spraying (SP), and dip-coating (DP). The photocatalyst
was included in the matrix membrane using the SC method, while it was located on the membrane
surface in the SP and DP membranes showing less mass transfer limitations. The performance of
the synthesized photocatalytic membranes for hydrogen production under UVA light irradiation
was compared. Leaching of the catalytic membranes was tested by measuring the turbidity of the
solution. With respect to catalyst leaching, both the SC and SP membranes provided very good
results, the leaching being lower with the SC membrane. The best results in terms of initial hydrogen
production rate (HPR) were obtained with the SP and DP membrane. The SP was selected as the
most suitable method for photocatalytic hydrogen production due to the high HPR and the negligible
photocatalyst leaching. Moreover, the stability of this membrane was studied for longer operation
times. This work helps to improve the knowledge on the application of photocatalytic membranes
for hydrogen production and contributes in facilitating the large-scale application of this process.
Keywords: rGO/TiO2; Nafion; hydrogen production; photocatalysis; photocatalytic membrane
1. Introduction
In the current global energy framework and according to the new commitments to reduce
greenhouse gas emissions (GHG), the use of renewable hydrogen is an interesting option to facilitate
energy transition [1–4]. Nowadays, 95% of hydrogen is produced by steam reforming from fossil
fuels, mainly natural gas, which is energy intensive and still contributes to GHG emissions [5–7].
The rest of the hydrogen is mainly produced by electrolysis, that today is particularly energy and
cost intensive [8–10]. Other processes, less extensive, make use of renewable energy sources in
the generation of hydrogen, e.g., biological processes, electrolysis combined with solar panels and
photocatalysis [11,12] thus driven by solar light. The latter being an interesting alternative in terms of
energy as it takes advantage of the use of waste effluents as sacrificial agents that contribute further to
the transition from a linear to a circular economy.
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State of the art heterogeneous photocatalysts have been widely investigated such as, metal oxides
(TiO2, Cu2O), carbonaceous materials (g-C3N4), and chalcogenides (CdS, ZnS) [13]. Among the
studied photocatalysts, TiO2 reports good properties such as chemical and thermal stability, high
photo-reactivity, and low cost. However, its wide band gap (3.2 eV) restricts its applications to
ultraviolet light, which represents only about 4–8% of the solar spectrum. An additional drawback is
the high recombination rate of the electron-hole pairs, which reduces its photocatalytic activity [14,15].
Photocatalytic hydrogen production has been mainly studied using alcohols (such as methanol or
ethanol) as sacrificial agents or performing only water splitting. Most of these studies used Pt coupled
to the photocatalyst because of the higher hydrogen production achieved with this noble metal.
This fact is due to the high value of the Pt work function (5.93 eV) which allows an efficient transfer of
the photogenerated electrons from the photocatalyst to the noble metal [16]. However, Pt is a very
scarce and high cost material [17,18]. Coupling TiO2 with graphene oxide (GO) results in a low-cost
alternative to improve the photocatalytic activity of TiO2. GO is a two- dimensional planar sheet
composed of sp2 bonded carbon atoms structured in a hexagonal lattice network highly functionalized
with oxygenated groups. It can be reduced to graphene, which can improve the photocatalytic activity
of TiO2 due to its ability to carry charges from the TiO2 conduction band reducing the electron-hole
recombination rate. Moreover, the band gap shift can contribute by taking advantage of the solar
spectrum [19,20].
Regarding the photocatalytic reactor configuration, slurry type reactors have been widely used in
order to reduce mass transfer limitations. However, two major drawbacks are associated with the use
of suspended solid reactors: (i) the requirement of a separation and recovery step of the photocatalyst
after the photocatalytic process which is especially difficult with nanomaterials due to their small size
and, (ii) hazards associated with the manipulation of nanomaterials [21]. Therefore, techniques to
immobilize the photocatalyst leading to immobilized photocatalytic membrane reactors (IPMR) have
been encouraged to facilitate catalyst reuse and to avoid the presence of nanomaterials in the treated
waters and effluents. When using a membrane, it can offer a role of support to the photocatalyst and it
can also act as selective barrier for the compounds to be degraded. In IPMRs where the membrane exerts
an immobilization and filtration function, dead-end or cross- flow configurations are possible [22,23].
In the case of hydrogen production, most of the works use an H-type reactor which consists of
two compartments, the first one containing the photoanode, the second one containing a Pt cathode
and a proton exchange membrane that divides both compartments to allow H+ transport between
both chambers. These reactors have the advantage of producing H2 and O2 separately. Most of the
H-type reactors immobilize TiO2-based photocatalysts on a Ti foil and use Nafion as proton exchange
membrane [24–29]. A cross-flow type reactor was employed by Hattori et al. They used a TiO2 nanotube
array deposited on a Pd thin film to produce hydrogen from the reforming of low molecular weight
alcohols. The generated hydrogen was purified through the Pd film [30]. With regard to hydrogen
production with immobilized catalyst in a simple single chamber photoreactor using a membrane with
the sole function of photocatalyst support only a few works can be found in the literature [31–34].
Some works have made use of glass substrates to support the photocatalyst; Cha et al. evaluated the
effect of Pt location and amount in TiO2 nanotubes supported on a fluorine doped tin oxide (FTO)
glass, using a methanol solution as sacrificial agent [31]. Ma et al. synthesized Er3+:YAlO3Pt-TiO2
composite on a glass substrate for hydrogen production from an aqueous solution of glucose [32].
Della Foglia immobilized Pt/TiO2 on glass fibers for photo-steam reforming of low molecular weight
alcohols [33]. Wu et al. obtained hydrogen from an ethanol solution using immobilized TiO2/Pt and
TiO2/Pd on cellulose membranes [35].
Photocatalysts have also been immobilized on polymeric membranes [35–39]. However,
most of the polymer materials were damaged by UV irradiation. Polytetrafluoroethylene (PTFE)
has been used as photocatalyst support because of its photochemical resistance [38,39].
Sulfonated polytetrafluoroethylene (Nafion) is resistant to photochemical degradation and in addition
is a proton (H+) conductor due to the sulfonic acid groups attached to the PTFE backbone [40–42].
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Nafion has been used as membrane support of the photocatalyst in the photocatalytic degradation
of different pollutants [43–45]; it has been also employed as photocatalyst coating to improve the
degradation of cationic molecules due to the anionic character of the sulfonic groups contained in
Nafion membranes [46,47]. Regarding photocatalytic hydrogen production, Nafion has been used as
a matrix to attach photocatalysts with visible light photosensitizers [34,48] as well as a proton exchange
membrane in H-type reactors. Park et al. used (Ru(bpy)32+) as photosensitizer, (methyl viologen)
as electron mediator and Pt supported on a Nafion membrane for hydrogen production from
ethylenediaminetetraacetic acid (EDTA) [34]. Choi bonded Ru(bpy)32+ to TiO2 within a Nafion
layer to produce hydrogen from an EDTA solution [48].
A wide variety of immobilization methods have been used in photocatalytic pollutant degradation,
such as electrophoresis, chemical and physical vapor deposition, sol-gel, thermal spraying, and solvent
deposition [49]. A reliable technique for photocatalyst immobilization must provide a strong
photocatalyst support, uniform coating, high degree of photocatalyst irradiation, and preserve
photocatalyst structure during preparation and immobilization [50]. In this work, two solvent
deposition methods (SP and DP) and SC were compared because these methods are simple and the
soft operational conditions do not provoke changes in the composite structure [49]. SC was chosen
because it prevents photocatalyst leaching as it is embedded in the polymeric membrane. However,
mass transfer limitations are expected to be higher than in the other methods. Lower mass transfer
limitations are expected in DP and SP methods due to the location of the photocatalyst on the membrane
surface; although DP is a simpler method, the SP method allows a uniform coating.
Although there is interesting information already reported in the literature, several gaps need
to be filled before the large scale application of photocatalytic hydrogen production, such as: (i) the
comparison of the performance of slurry type and IPMR for similar catalysts and operating conditions,
and (ii) increasing photocatalyst stability and life time for long operation times. This study advances
the knowledge of IPMRs by experimentally assessing the performance of newly synthesized rGO/TiO2
composite photocatalysts supported on Nafion polymeric membranes. Furthermore, several methods
to immobilize the catalyst for photocatalytic hydrogen production in a one-chamber photoreactor were
developed and the results compared in terms of hydrogen generation rate, membrane reuse capacity,
and catalyst leaching.
2. Materials and Methods
2.1. Materials
Methanol HPLC grade was purchased from Scharlau and isopropanol 99.5% was supplied by
Acros Organics (Madrid, Spain). TiO2 P25 was purchased from Evonik; a dispersion of graphene
oxide sheets in water solvent and 4 mg mL−1 GO was provided by Graphenea; while 20% Nafion in
alcohol solution and Nafion membranes N115, with a thickness of 127 µm according to the supplier,
were purchased from Ion Power. Pure argon 3X from Praxair (Camargo, Spain) was used to ensure an
inert atmosphere in the reactor.
2.2. Photocatalyst Preparation and Characterization
The photocatalytic membrane diameter was 4.4 cm. The membranes were loaded with 10% w/w of
photocatalyst. The photocatalyst was immobilized on Nafion membranes by three different methods:
SC, SP, and DP. 2% (w/w) of rGO/TiO2 was hydrothermally synthesized as described in previous
works [15,20]. Figure 1 illustrates the different immobilization methods.
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In the SC method, 42.2 mg of photocatalyst were added to 1.81 g of Nafion solution and 0.5 mL of
isopropanol. The mixture was stirred for 10 min and placed in an ultrasonication bath (Fisher scientific
FB1505, Madrid, Spain) with a frequency of 37 kHz for 30 min. The resulting suspension was dried in
a Petri dish set in a vacuum oven at 800 mbar and 30 ◦C over 24 h.
The SP method was applied to attach the composite catalyst to the Nafion N115 membrane. An ink
com osed of 0.3% photocatalyst, 2.7% of 5% Nafion solution, a d 97.0% of isopropanol was pr pared
and ultraso icated for 45 min at 37 kHz before being applied to the membrane. The membrane was
placed o a heating plate at 60 ◦C while it was sp ayed to ac iev a photoc talyst c ncentr tion of
10% w/w on the membrane. After spraying, the membrane was dried for 24 h at ambient conditions.
The DP method was carried out by immersing the membrane for 10 min in a solution composed
of 3.0% of photocatalyst, 25.7% of 5% Nafion solution, and 71.3% of isopropanol. The solution was
dispersed using an ultrasonication bath for 45 min before it was applied. After each immersion,
the membrane was dried at ambient conditions for 10 min. The membranes were immersed for
6 consecutive times to reach the desired concentration of photocatalyst. After the last immersion,
the membrane was dried for 24 h at ambient conditions.
The detailed characterization of the rGO/TiO2 composite material can be found in previous
works [13,15]. Membrane charact rization was carried out through different techniques.
Fourier transform infrared (FTIR) spectra were recorded on a Spectrum Two spectrometer (Perkin Elmer,
Madrid, Spain) equipped with an attenuated total reflection (ATR) accessory. Thermogravimetric
analysis (TGA) was carried out in a Shimadzu DTG-60H Differential Thermal Gravimetric Analyzer
(Barcelona, Spain) by heating the samples under nitrogen atmosphere (50 mL min−1) from 25 ◦C to
900 ◦C at 10 ◦C min−1. Scanning electron microscopy images were recorded with a SEM EVO MA 15,
Carl Zeiss microscope (Madrid, Spain). For the cross-section images, the membrane samples were
frozen in liquid nitrogen and fractured. All t e samples were gold sputtered to m k the samples
condu tive. The cross- ection images of the photocatalytic membranes made it possible to measure the
thickness of the different layers. The photocatalyst layer thickness averages values were calculated
after measurement in 5 different layer locations.
2.3. Hydrogen Production
The photocatalytic hydrogen production experiments were carried out in a 330 mL borosilicate
photoreactor using 240 mL of 20% methanol solution as sacrificial agent. The photocatalytic membranes
were fixed between two PTFE rings and they were placed in the center of the reactor. The photoreactor
was coupled to a gas chromatograph Shimadzu 2010 Plus (Barcelona, Spain) equipped with a Shin
Carbon ST 80/100 column using rgon as carrier gas, and a thermal conductivity detector. Four Philips
PL-S 9W lamps, with a wavelength range between 315 and 400 nm and a maximum emission at 365 nm,
were used as light source. The irradiance, measured with a Delta Ohm HD 2102.1 photoradiometer
(Padova, Spain), was 7.5 W m−2.
The reaction media was bubbled with argon for 30 min in the dark to remove oxygen before the
reaction was started. The operation temperature was 20 ◦C. The experiments were carried out twice to
calculate the error bands.
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In order to quantify the photocatalyst leaching, the turbidity of the solution was measured with
a Turbiquant 3000 IR spectrometer (Merck, Madrid, Spain).
3. Results
3.1. Materials Characterization
Figure 2a shows the TGA curves of different solid samples, i.e., TiO2, pure GO and rGO/TiO2.
The GO thermogravimetric curve showed a weight loss up to 100 ◦C, that corresponded to the water
contained in the material. The mass decrease from 150 to 300 ◦C was attributed to the loss of the
oxygen-containing groups. The last mass loss step started around 500 ◦C and was assigned to the
pyrolysis of the GO carbon skeleton [51]. For bare TiO2, the initial mass loss was attributed to the
adsorbed water in the material. Therefore, comparing the TG curves of the pure compounds and of the
rGO/TiO2 solid a composition of 3.9% GO in the composite was calculated.
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Figure 2b shows the TGA curves of the different membranes. Pure Nafion TGA curve showed
three mass loss steps. The first one was attributed to the loss of absorbed water up to 100 ◦C. The second
one, between 300 and 400 ◦C was related to the decomposition of the –SO3H groups. The last
step was assigned to the degradation of the polymer backbone between 400 and 550 ◦C [52,53].
The thermal decomposi ion of the photocatalytic membranes was similar to that of pure Nafion.
However, the de omposition temperature of the polymer backb ne was shifted to highe temperatures
due to the inorganic content. This fact could be due to the interaction between the Nafion backbone and
inorganic particles. TGA results revealed that the content of photocatalyst was 8.8 ± 0.8%, 11.1 ± 3.0%,
and 8.9 ± 7.0% in SC, SP, and DP membranes respectively. The variability of the photocatalyst
concentration in the DP membrane was attributed to the heterogeneity of the particle concentration
distribution on the membrane surface. This fact was due to the difficulty of obtaining a uniform
photocatalyst layer on the membrane through this method.
Figure 3 shows FTIR spectra of pure Nafion and photocatalytic membranes. The pure Nafion
curve showed the typical bands of this material. The bands at 1200 and 1140 cm−1 were assigned to the
stretching vibrations from C–F2 and C–F, respectively. The 1056 and 975 cm−1 bands were attributed to
S–O stretching vibrations and C–O–C stretching vibrations, respectively. The bands at 627 and 512 cm−1
were assigned to C–F2 bending vibrations. Photocatalytic membrane spectra showed the typical bands
of Nafion suggesting that the addition of photocatalyst does not affect the molecular structure of the
Nafion membrane. This fact was also observed by Ding et al. [45]. However, the intensity of these
bands was different for the different membranes. Pure Nafion showed the highest band intensity
followed by the SC membrane in which most of the photocatalyst is contained inside the membrane
matrix. SP and DP membranes showed less intensity in the FTIR spectra because the photocatalyst
remains on the surface of the Nafion membranes. The slightly smaller thickness of the photocatalyst
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layer (9.8 and 12.6 µm in DP and SP membranes, respectively) of DP membranes that was revealed in
cross section SEM images (Figure 4) could explain the higher FTIR signal intensity in the DP compared
to the SP membrane.
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Figure 4 shows the SEM surface images of the fresh and used membranes, and the cross section of the
fresh membranes. The fresh SC SEM image revealed bulges in the membrane surface, which indicated
the presence of photocatalyst inside the membrane matrix. Meanwhile, the micrographs of the fresh
SP and DP membranes revealed that photocatalyst covered the whole Nafion surface.
The comparison between fresh and used SC membranes showed a ribbed surface in the used
SC membrane indicating damage in the Nafion structure during the hydrogen production process.
The rest of the used membranes did not show any appreciable change on the surface after the hydrogen
production process.
The SC membrane cross-section revealed the presence of the photocatalyst in the whole membrane
matrix, whereas in the SP and DP membrane cross-sections the expected photocatalyst layer deposition
on the surface of the Nafion membrane was observed; photocatalyst layer thickness and membrane
thickness were also determined (Table 1).
Table 1. Photocatalyst layer and membrane thickness.
Thickness Solvent-Casting Spraying Dip-Coating
Photocatalyst Layer (µm) n.a. 12.6 ± 2.6 9.8 ± 2.1
Membrane Thickness (µm) 72.0 ± 0.7 165.6 ± 1.6 162.5 ± 1.2
n.a.: not applicable.
3.2. Photocatalytic Membrane Performance
In order to confirm the higher photocatalytic activity of the composite photocatalyst compared
with bare TiO2 when they are immobilized on Nafion membranes, SP and TiO2 immobilized catalysts
were tested for photocatalytic hydrogen production (Figure 5). Although the initial rate of hydrogen
production with both photocatalysts was similar (ca. 1.1 µmol H2 gcat−1 h−1), the initial rate using
TiO2 decreased after 4 h and reached a total hydrogen production of 9 µmol H2 gcat−1 while the
composite decreased its initial rate after 8 h with a total hydrogen production of 12 µmol H2 gcat−1.
It was confirmed that 2% rGO/TiO2 photocatalytic membranes performed better than TiO2 membranes
for hydrogen production.Membranes 2020, 10, x FOR PEER REVIEW 8 of 14 
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Membranes obtained following the three different photocatalyst immobilization methods were
tested for hydrogen production (Figure 6). Composite SP and DP membranes achieved HPRs of
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1.11 ± 0.09 and 1.01 ± 0.10 µmol H2 gcatalyst−1 h−1, respectively. With these membranes, hydrogen
production was stopped after around 20 h. The composite SC membrane achieved an initial rate
of 0.38 ± 0.03 µmol H2 gcatalyst−1 h−1 during the first 8 h, but the hydrogen production continued
to increase smoothly and stopped around 60 h of photoreaction. The higher initial activity of SP
and DP membranes was attributed to the higher accessibility to the photocatalyst provided by these
membranes, as the catalyst was mainly deposited on the membrane surface while SC membranes had
most of the photocatalyst embedded in the membrane matrix, thus, exerting higher resistance to mass
transport of the sacrificial agent.
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The three types of photocatalytic membranes reached a total hydrogen production ca. 11 µmol H2
gcat−1 after 80 h. Hydrogen production stopped most likely due to the inhibitory effect of accumulated
hydrogen in the system as has been previously reported [48,54]. The accumulated hydrogen could
reduce the difference between the H+ reduction potential and the TiO2 conduction band potential,
diminishing the driving force for hydrogen production until it finally stops.
In our previous work, 2% rGO/TiO2 composite suspensions were used for photocatalytic hydrogen
production in the same experimental setup with the same equivalent photocatalyst concentration
(0.18 g/L), achieving an initial HPR of 1.6 µmol H2 gcatalyst−1 h−1 [55]. Comparing this value with
the highest hydrogen production initial rate achieved by the immobilized photocatalyst (1.1 µmol H2
gcatalyst−1 h−1), a reduction of 30% is deduced when the immobilized photocatalyst is used. Filice et al.
observed different behavior in the degradation of methyl orange [43]. These authors reported that
the photocatalyst immobilized on Nafion membranes achieved higher pollutant removal than in
suspension. Vohra and Tanaka observed an improvement in the photocatalytic activity in Paraquat
degradation by coating Nafion with TiO2 [46]. In this work, the decrease in HPR when using the IMPR
vs the slurry reactor is explained by the increase in the mass transfer resistance that the sacrificial agent
must overcome before reaching the catalyst.
Next, the catalyst leaching from the membranes was evaluated; to this end the turbidity of the
solution before and after the photocatalytic process was analyzed. A linear relationship was found
between turbidity and the composite concentration in suspension in the range between 0 and 10%
photocatalyst (w/w). Therefore, knowing the turbidity in the solution the amount of photocatalyst
in suspension that was leached from the membrane was determined. Table 2 shows the solution
turbidity and the resulting percentage of photocatalyst leached after 80 h of reaction. SC and SP
showed the lowest percentage of photocatalyst leaching. DP showed the highest percentage of
photocatalyst leaching with a more than ten-fold increase compared to the other methods. SC showed
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an extremely low leaching percentage because the photocatalyst was embedded in the membrane
matrix, thus showing higher stability. The high leaching percentage of DP membranes could be because
the photocatalyst was weakly deposited on the membrane surface. Although SP photocatalyst was also
deposited on the membrane surface, it resulted in a lower leaching percentage than DP, very similar to
SC membranes. This fact could be attributed to a stronger photocatalyst attachment on the membrane
surface by the SP method than by the DP method.
Table 2. Leaching percentage of the immobilized photocatalytic membranes.
Parameter SC SP DP
Turbidity (NTU) 2.6 ± 0.9 7.5 ± 2.5 64.3 ± 12.9
Photocatalyst Leaching (%) 0.2 ± 0.1 0.4 ± 0.2 4.8 ± 1.0
The highest hydrogen production initial rate together with the low photocatalyst leaching provide
preliminary information for decision making for the catalyst immobilization procedure; thus, the SP
membrane turned out to be the best method to immobilize the composite on a Nafion membrane.
In order to evaluate the reuse of the SP membrane several cycles of hydrogen production were
carried out. After each cycle, the system was purged with argon to prevent the inhibitory effect of
the accumulated hydrogen (Figure 7). It was observed that at the end of the first cycle hydrogen
production had stopped and after an argon purge, hydrogen production continued. This fact supports
the inhibitory effect of the reaction product on the HPR, as was expected. The initial rate in the
reuse cycles was 0.79 µmol H2 gcatalyst−1 h−1 while with the fresh membrane it was 1.19 µmol H2
gcatalyst−1 h−1. Therefore, the membrane photoactivity had been reduced by 33%. Ma et al. evaluated
the re-use of Er3+:YAlO3Pt-TiO2 on a glass substrate [32]. They carried out 5 cycles of 5 h. The loss of
photocatalyst activity after 25 h was 80%, while in this work the loss of activity after 64 h of operation
was quantified as 33%.
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Darkening was observed in the used membranes in comparison with the pristine photocatalytic
membranes (Figure 8). This darkening could be attributed to the further reduction of graphene.
The reduction of graphene during photocatalytic experiments has been previously reported. Shah et al.
observed darkening after reduction of graphene oxide [56]. In our previous study, darkening of
TiO2/rGO composites was observed after being used in photocatalytic hydrogen production in slurry
photoreactors, the reduction of the composite being confirmed through Raman spectra [55]. A decrease
in the photoactivity after the first hydrogen production cycle was also observed.
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4. Conclusions
Although there are environmental and energy advantages of photocatalytic hydrogen production,
its large-scale application is still far from adoption, mainly due to the low performance and short lifetime
of the state of the art photocatalysts. This work takes a step toward by advancing the knowledge
on the application of immobilized composite photocatalysts. Cost-effective rGO/TiO2 composite
was synthesized showing improved photocatalytic properties compared to bare TiO2 membranes.
In addition, the influence of different process variables such as the composite immobilization method,
SC, SP, and DP, to attach the catalyst to Nafion membranes was analyzed. SP and DP achieved the
highest initial HPRs, about 1 µmol H2 gcatalyst−1 h−1. However, the SP method showed only 0.4%
photocatalyst leaching after 80 h of operation, whereas DP leaching resulted in 4.8% at the same time.
This fact could be due to a stronger photocatalyst attachment on the SP membrane surface than on
the DP membrane surface. Therefore, SP seems to be the most effective method to immobilize the
composite on Nafion membranes.
The higher initial hydrogen generation rate of SP and DP compared to SC membranes was
attributed to the easier accessibility to the photocatalyst deposited on the membrane surface in the two
former cases, confirmed by SEM analysis; this reduced the mass transfer limitations in the transport of
methanol to reach the immobilized catalyst.
An SP composite reused membrane showed 33% decrease in the initial rate in comparison with
a fresh membrane after 64 h of operation. This fact may be attributed to the further reduction of GO in
the composite during the photocatalytic process.
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Hybrid systemsa b s t r a c t
Photocatalytic systems comprising a hydrogenase-type catalyst and CdX (X ¼ S, Se, Te) chalcogenide
quantum dot (QD) photosensitizers show extraordinary hydrogen production rates under visible light
excitation. What remains unknown is the mechanism of energy conversion in these systems. Here, we
have explored this question by comparing the performance of two QD sensitizers, CdSe and CdTe, in
photocatalytic systems featuring aqueous suspensions of a [Fe2 (m-1,2-benzenedithiolate) CO6] catalyst
and an ascorbic acid sacrificial agent. Overall, the hydrogen production yield for CdSe-sensitized re-
actions QDs was found to be 13 times greater than that of CdTe counterparts. According to emission
quenching experiments, an enhanced performance of CdSe sensitizers reflected a greater rate of electron
transfer from the ascorbic acid (kAsc). The observed difference in the QD-ascorbic acid charge transfer
rates between the two QD materials was consistent with respective driving forces for these systems.
© 2021 Elsevier Ltd. All rights reserved.iz).
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In the current global context, greenhouse gas emissions due to
the combustion of fossil fuels pose a threat to the global climate
change (Hinojosa-Reyes et al., 2017; Fang et al., 2018; Seadira et al.,
2018). Therefore, research efforts have been directed towards
finding alternative and environmentally-friendly energy sources. In
this context, hydrogen appears as a clean energy vector whose
combustion only produces water (Chen et al., 2018; Munfarida
et al., 2020; Oh et al., 2020). Nowadays, it is mainly produced by
steam reforming from fossil fuels (Chu et al., 2017; Nikolaidis and
Poullikkas, 2017; Corredor et al., 2020a). This process is energy
intensive and plagued by the emission of greenhouse gases
(Holladay et al., 2009; Ribao et al., 2019). As a result, the potential to
produce hydrogen from alternative and greener technologies,
where electrolysis takes the leading role, is becoming increasingly
important. Complementarily, hydrogen can be released from re-
sidual gas or liquid effluents through the use of cost-effective
technologies, such as photocatalysis (Yue et al., 2017; Nasir et al.,
2019; Rivero et al., 2019). Photocatalysis is a way to harvest sun-
light energy and store it in the form of solar fuels, just as nature has
done through natural photosynthesis (Christoforidis and
Fornasiero, 2017; El-Khouly et al., 2017; Zamkov, 2017;
Giannoudis et al., 2020; Brillas et al., 2021).
As an alternative to noble metal catalysts, (Cho et al., 2021; Lai
et al., 2021; Y. Yang et al., 2021), recent studies have explored
heterogeneous photocatalytic systems comprising hydrogenases
catalysts and semiconductor quantum dot (QD) photosensitizers.
The hydrogen production rates for these materials approaching
2 mmol H2$gcat1$h1 were below those of homogeneous catalysts
but showed an impressive long-term stability (Putri et al., 2020;
Elsayed et al., 2021; J. Yang et al., 2021).
Hydrogenase mimics is another promising noble metal-free
catalyst that shows compelling hydrogen production performance
(Trincado et al., 2014; Fukuzumi et al., 2018). Hydrogenases in na-
ture are enzymes, which active sites are composed of Fe and/or Ni,
synthesized by certain bacteria and algae; these enzymes catalyze
the reversible redox reaction of Hþ to H2 (Wang et al., 2012;
Hemming et al., 2018; Li et al., 2018). Among hydrogenases, [Fe-Fe]Fig. 1. Hydrogen production by a [FeFe]H2-ase mimic from asc
2
H2-ases have shown a very high production activity of hydrogen,
about 6000e9000H2 molecules per second per active site (Stripp
and Happe, 2009; Li et al., 2018; Wittkamp et al., 2018; Wang
et al., 2019). Therefore, they have been studied in the last decades
and have awakened interest in the synthesis of biomimetic mole-
cules (Capon et al., 2004; Liu and Darensbourg, 2007; Quentel et al.,
2012; Roy et al., 2013; Orain et al., 2014; Ahmed et al., 2018).
[Fe-Fe]H2-ases photocatalytic hydrogen production systems
containing metal complexes, such as [Ru(bpy)3]2þ (bpy ¼ 2,20-
bipyridine) or [Re(4,40-dimethylbpy)(CO)3]þ (Na et al., 2008;
Streich et al., 2010; Wang et al., 2010; Pullen et al., 2013; Yu et al.,
2013) or organic dyes such as Eosin Y or Rose Bengal as photo-
sensitizers have been extensively studied (Li et al., 2012; Orain
et al., 2014; Supplis et al., 2018). Orain et al. studied the photo-
catalytic hydrogen production in aqueous solutions with [Fe-Fe]H2-
ase mimics, and organic dyes as photosensitizers (Orain et al.,
2014). Despite promising performance, their main drawback was
the fast excitation decay and the spectrally-narrowabsorption band
of dye sensitizers. In order to overcome these issues, semiconductor
QDs have been employed as photosensitizers (Wang et al., 2011,
2013; Song et al., 2014; Liang et al., 2015; M. Wang et al., 2015; Jian
et al., 2016; Troppmann and K€onig, 2016; Wen et al., 2016, 2017).
Jian et al. compared the performance of [Ru(bpy)3]2þ and CdSe QDs
as a photosensitizer for the same aqueous system achieving a
hydrogen production rate of 301 and 20840 mmol H2$gcat1$h1,
respectively, duplicating the stability of the system. Hydrogen
production was further enhanced by using a sacrificial agent that
acted as an electron donor, such as ascorbic acid (Fig. 1) (Goy et al.,
2017).
The selection of the QD material for sensitizing hydrogen pro-
duction is still a challenge. Cadmium chalcogenides, CdS, CdSe and
CdTe, are good candidates due to their visible-range absorbance
and energetically favorable positions of band edges for driving the
hydrogen production processes (Hernandez-Ramirez et al., 2015).
Since CdS absorbs the smallest fraction of the solar energy, CdSe
and CdTe QDs, exhibiting absorption in the visible and near-IR, are
usually preferred. For instance, CdSe has been used as photosen-
sitizer for hydrogen generation in combination with hydrogenases,
hydrogenase mimics, and even with bacteria that produceorbic acid aqueous solution with QDs as photosensitizer.
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2013; Hamon et al., 2014; Liang et al., 2015; Jian et al., 2016;
Troppmann and K€onig, 2016; Wen et al., 2016; Chica et al., 2017;
Ding et al., 2019; Sanchez et al., 2019a, 2019b). CdTe has been also
used for this purpose (Brown et al., 2010, 2014; Wang et al., 2011;
Greene et al., 2012; Jian et al., 2013; Wroblewska-Wolna et al.,
2020). Overall, the two QD sensitizers appeared to perform differ-
ently in the presence of the same sacrificial agent and catalyst
components (Acharya et al., 2011; Brown et al., 2012), which makes
this pair of QDs a promising model system for interrogating energy
conversion processes in sacrificial hydrogen production reactions.
The present study offers a comprehensive analysis of the
hydrogen production performance for CdSe and CdTe QD photo-
sensitizers under visible light irradiation. The photocatalytic sys-
tems in present experiments featured a biomimetic hydrogenase
catalyst and ascorbic acid as a sacrificial agent. By drawing a
comparison between the two sensitizer QDs, we were able to infer
that the primary rate-limiting step in these systems is an electron
transfer between the sacrificial agent and semiconductor QDs. This
conclusion was supported by cyclic voltammetry measurements
showing a larger difference between the oxidation potential of
ascorbic acid and the valence band of CdSe, as compared to CdTe.
2. Materials and methods
2.1. Materials
Oleic acid (OA) 90%, 1-octadene (ODE) 90%, trioctylphosphine
oxide (TOPO), cadmium oxide (CdO) 99.5%, tellurium powder 99.8%
and tributylphosphine 97% (TBP) were purchased from Sigma
Aldrich. Chloroform and acetone were purchased from ChemPure
Chemicals. L-Ascorbic acid 98þ% and methanol were provided by
Alfa Aesar. N-octadecylphosphonic acid (ODPA) was supplied by
PCI. Trioctylphosphine (TOP) was purchased from Strem Chemicals
Inc. Selenium powder 99.99% was supplied by Beantown Chem-
icals. 3-mercaptopropionic acid (MPA) was acquired from Acros
Organics. Sodium dodecyl sulfate (SDS) 10% was provided by
LifeTechnologies.
2.2. Hydrogenase synthesis
[Fe2(m-1,2-benzenedithiolate)(CO)6], the [Fe-Fe]H2-ase mimic,
was synthesized as previously described in the literature (Cabeza
et al., 1998).
2.3. Synthesis of CdSe and CdTe quantum dots
OA-capped CdSe QDs were synthesized according to a proced-
ure adapted from the literature (Mongin et al., 2018). Briefly, OA-
capped CdSe QDs were synthesized from cadmium and selenium
solutions. To prepare cadmium solution, 180 mg of CdO were
combinedwith 75mg of ODPA, 9 g of TOPO and 6mL of OA in a flask
at 300 C under Ar atmosphere. When the solution turned clear,
5.4 mL of TOP were added. Selenium solutions were prepared with
180 mg of Se powder and 3 mL of TOP at 140 C under Ar atmo-
sphere. After, the solution was cooled down to 80 C and it was
injected into the cadmium solution. The reaction time was 2 min.
Every step was performed under magnetic stirring.
To synthetize ODPA-capped CdTe QDs, the cadmium solution
was prepared with 25.6 mg of CdO, 147.2 mg of ODPA and 8 mL of
ODE at 300 C under Ar atmosphere. Tellurium solution was pre-
pared from 51mg of tellurium powder, 4 mL of ODE, and 0.46 mL of
TBP at 80 C under Ar atmosphere. Tellurium solution was injected
into the cadmium solution and the reaction was carried out for3
4.75 min.
Both CdTe and CdSe suspensions were centrifuged for 4.5 min at
6500 rpm after adding ethanol:acetone solution, with a volume
ratio 2:1, to cause precipitation of the crystals. The ratio between
the crystals suspension and the ethanol-acetonemixturewas 1:3 in
volume. The precipitated crystals were re-suspended in
chloroform.
The ligand exchange process was carried out according to a
procedure adapted from the literature (Chang et al., 2016). Briefly,
0.5 mL of MPA were dissolved in 10 mL of a 1:1 methanol:chloro-
form solution at basic pH. 1.5 mL of crystals suspensionwere added
under constant stirring. QDs precipitated after centrifugation in
acetone. They were suspended in water and re-precipitated in
acetone. Finally, the QDs were suspended and stored in water.
2.4. Materials characterization
1H NMR spectra of [Fe2(m-1,2-benzenedithiolate)(CO)6] in
deuterated acetone were recorded on a Bruker AC-300 FT-NMR
spectrometer and were referenced against SiMe4. The infrared
spectra of [Fe2(m-1,2-benzenedithiolate)(CO)6] in hexane were
recorded on a Nicolet Nexus FT-IR spectrometer.
The materials absorbance spectra were recorded in a UVeVis
spectrophotometer Cary 60 (Agilent). Photoluminescence spectra
and excitation decay lifetime (t0) of CdSe and CdTe QDs were ob-
tained, exciting them with 405 nm PicoQuant PDL 800-D pulsed
laser and measuring their emission with an AndornewtonEM SR-
303i-A spectrograph.
2.5. Hydrogen production
Hydrogen production experiments were carried out in an 8 mL
reactor under magnetic stirring. The reaction medium consisted of
4 mL of aqueous suspension with ascorbic acid 200 mM (the
amount of the sacrificial agent was used to assure excess of ascorbic
acid concentration during the experiments while avoiding the in-
fluence of its concentration changes due to its consumption during
the process), 0.1 mM of [Fe-Fe]H2-ase mimic, QDs in a concentra-
tion between 0.001 mM and 0.1 mM, and 10 mM SDS sodium
dodecyl sulfate (SDS) to solubilize the [Fe-Fe]H2-ase mimic (Orain
et al., 2014; Supplis et al., 2018). The light source consisted of a
150 W halogen lamp, provided with a filter which allowed only
visible light to pass (400 nm < l < 800 nm). The irradiance on the
reactor wall was 31 mW cm2. It was measured with a Compact
Power and Energy Meter Console PM100D from Thorlabs. The
concentration of hydrogen was measured with a Shimadzu 8A gas
chromatograph, equippedwith a thermal conductivity detector and
a molecular sieve column 80/100 using argon as a carrier gas.
Hydrogen production experiments were performed at pH 4.5,
which is close to the ascorbic acid pKa (4.2) (Tu et al., 2017); it has
been reported that working close to the sacrificial agent pKa en-
hances hydrogen production (Corredor et al., 2019).
3. Results
The [Fe-Fe]H2-ase mimic [Fe2(m-1,2-benzenedithiolate)(CO)6]
was characterized by FTIR and 1H NMR spectroscopy. Three bands
were displayed in the infrared spectra in the nCO region: 2006, 2045
and 2079 cm1. 1H NMR (300 MHz, (CD3)2CO): d 7.24 (m, 2H), 7.46
(m, 2H). These data are in good agreement with those reported by
Cabeza et al. (1998). The [Fe-Fe]H2-ase mimic absorbance spectra
(Fig. SM-1) showed an absorption peak at 330 nm and absorption at
wavelengths lower than 300 nm. Therefore, the catalyst did not
absorb radiation during hydrogen production experiments, which
were carried out using visible light excitation (400e800 nm).
Fig. 2. Hydrogen production for different CdSe-MPA concentrations. [Ascorbic acid]:
200 mM, [Fe2(m-1,2-benzenedithiolate)(CO)6]: 0.1 mM, pH: 4.5.
Fig. 3. Hydrogen production with CdSe and CdTe as photosensitizers. [Photosensi-
tizer]: 0.01 mM [Ascorbic acid]: 200 mM and [Fe2(m-1,2-benzenedithiolate)(CO)6]:
0.1 mM, pH 4.5.
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hydrogen production with hydrogenase enzymes has been inves-
tigated previously (Brown et al., 2014). In this work, we only focus
on single sizes of CdTe and CdSe QDs (2.95 and 2.68 nm, respec-
tively, see Fig. SM-2. Yu et al., 2003), which were chosen to enable
similar extinction values for the two sensitizers in the visible range.
In this size range, the rate of electron transfer to a catalysis was not
expected to be influenced by the particle size (Brown et al., 2014).
The UVeVis absorbance and the emission spectra of the syn-
thesized CdSe and CdTe QDs before and after the ligand exchange
process are shown in Fig. SM-3. Peng’s correlations were used to
calculate the QD diameter from the spectral position of the QD
absorption edge (Yu et al., 2003). The QDs diameter was controlled
via the reaction time. A slight blue-shift was observed in the
absorbance peak of both materials when the hydrophobic ligands
were exchanged with MPA.
Fig. SM-4 shows the time-resolved luminescence decay curves
of excited CdSe-OA, CdSe-MPA, CdTe-ODPA and CdTe-MPA. The
fluorescence intensity decay lifetime (t0) was calculated by fitting
the data to a three-phase exponential decay function (Gong et al.,
2013). The t0 values for CdSe-OA, CdSe-MPA, CdTe-ODPA and
CdTe-MPA were determined to be 38.4, 2.6, 14.7 and 9.6 ns,
respectively. The value of t0 decreases upon the ligand exchange
with MPA for both materials. This decrease was previously
explained by the photoinduced hole transfer from a nanocrystal to
MPA, which exhibits a more negative energy relative to the semi-
conductor valence band (Ben-Shahar et al., 2015; P. Wang et al.,
2015).
3.1. Influence of photosensitizer concentration on hydrogen
production
Control tests were carried out in the absence of catalyst, in
absence of photosensitizers and with all components in the dark,
successfully confirming the lack of hydrogen production. In the
next step, the influence of the CdSe QD concentration on hydrogen
production was investigated in the 0.001 mMe0.1 mM range. The
pH of the reaction medium was the natural pH of the ascorbic acid
(pKa 4.2) (Tu et al., 2017), as the optimal pH for these systems has a
value close to the pKa of the sacrificial agent. In addition, Gloaguen
and coworkers reported that a pH between 3 and 6 favored the
protonation of the electrochemically reduced [Fe-Fe]H2-ase mimic
leading to higher hydrogen production (Quentel et al., 2012). The
selected concentration of ascorbic acid was 200 mM following
previous reports (Jian et al., 2016). Fig. 2 shows that the highest
amount of hydrogen was produced using [CdSe] ¼ 0.01 mM, giving
a turnover number (TON) of 18.3 mol of H2 produced per mol of
[Fe2(m-1,2-benzenedithiolate)(CO)6] during 3 h. The corresponding
turnover number frequency (TOF), measured inmol of produced H2
per mol of catalyst per unit of time, was 6.5 h1. Under the condi-
tions of this study, the generated hydrogen increased with the QD
concentration up to a maximum value obtained at a concentration
of CdSe 0.01M, and after that it decreased as the concentration of
the QD increased.
Further insights into the influence of the CdSe QD concentration
on hydrogen generation are provided in Fig. SM-5, which shows the
number of excited CdSe particles per second versus the total
number of CdSe nanoparticles in the medium. The procedure for
estimating the number of excited QDs is given in SM, together with
the absorption spectra of QD media (Fig. SM-6) and the excitation
spectrum (Fig. SM-7). The dashed line in Fig. SM-5 shows an ideal
case in which the average number of excited nanoparticles ap-
proaches that of the nanoparticles in the medium. These conditions
are observed when the concentration of the photosensitizer is less
than 0.01 mM. However, only about 75% and 20% of the total4
particles were excited for QD concentrations of 0.025 and 0.1 mM,
respectively. Therefore, the decrease in hydrogen production for
concentrations of CdSe greater than 0.01 mM was attributed to the
inefficient activation of the photosensitizer particles. This is clari-
fied by equation S6, which shows that the irradiation of the light
source strongly influences the optimal concentration of the
photosensitizer because the number of excited particles depends
on the number of accessible photons.3.2. Comparative performance of the photosensitizers CdSe and
CdTe
In order to compare the performance of photosensitizers MPA-
CdSe and MPA-CdTe, experiments were carried out with a con-
centration 0.01mM of each photosensitizer. Fig. 3 shows the data of
Fig. 4. Emission spectra at different concentrations of (a) catalyst in CdSe-MPA medium; (b) catalyst in CdTe-MPA medium; (c) ascorbic acid in CdSe-MPA medium; (d) ascorbic acid
in CdTe-MPA medium.
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3 h. Under similar experimental conditions, a TOF of 6.5 h1 was
observed with CdSe, which is 13-fold higher than with CdTe
(TOF ¼ 0.5 h1). Table S1 collects the values of the total hydrogen
production and the production rate. The reported TOF values for
aqueous systems with ascorbic acid as sacrificial agent, MPA-
capped CdSe or CdTe QDs as photosensitizers and natural or bio-
mimetic [Fe-Fe]H2-ase as catalyst, are included in Table SM-2.
Although TOF values reached in this work are smaller than other
values reported in literature, it is worth noting that reported data
have been obtained by working with different concentrations of
catalyst and different light irradiation, making it difficult to extract
precise conclusions. However, it is interesting to note that the
system proposed in this work exhibited higher stability than other
systems exhibiting greater TOF.
Emission quenching spectra with progressive addition of cata-
lyst and ascorbic acid to CdSe-MPA and CdTe-MPAmedia are shown
in Fig. 4. According to Fig. 4a and b, addition of a catalyst causes aFig. 5. Mechanism of photocata
5
decrease in the fluorescence intensity, which is consistent with the
transfer of photoexcited electrons from CdSe/CdTe to the catalyst.
The comparison of the UVeVis spectrum of [Fe2(m-1,2-
benzenedithiolate)(CO)6] (Fig. SM-1), which shows an absorption
peak around 340 nm, with the emission spectra of CdSe and CdTe
showing maxima around 545 and 540 nm, respectively (Fig. SM-3),
leads to the conclusion that the catalyst does not absorb the fluo-
rescence emitted by the photosensitizer. Thus, the loss of fluores-
cence intensity is due to the transfer of electrons from the
conduction band of the photosensitizer to the catalyst. Conse-
quently, the quenching constant (kq), calculated using the Stern-
Volmer equation (Fig. SM-9) (Stern and Volmer, 1919), is equal to
the rate constant of electron transfer from the photosensitizer to
the catalyst (kET), kq ¼ kET, with values of 1.55$1012 and
4.02$1011 M1 s1 for CdSe and CdTe, respectively. Similarly,
quenching of fluorescence was also observed with increasing con-
centration of the ascorbic acid (scavenger) in medium (see Fig. 4c
and d). Since there is no overlap between the ascorbic acidlytic hydrogen production.
Fig. 6. Energy levels at pH 4.5 of CdSe, CdTe, [FeFe]H2-ase mimic and ascorbic acid.
Fig. 7. Hydrogen production with (a) CdSe and CdTe for lon
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absorption (Fig. SM-8) and the photosensitizer emission (Fig. SM-
3), it was concluded that the quenching effect is due to the trans-
fer of electrons from ascorbic acid to the photosensitizer valence
band. In this case, the rate constant of electron transfer from
ascorbic acid to the photosensitizer (kasc), was found to be 5.42$109
and 4.31$108 M1 s1 for CdSe and CdTe, respectively.
A difference of 2-3 orders of magnitude was observed between
kET and kasc in both materials. This difference agrees with previous
reports (Jian et al., 2016; Wen et al., 2016). Fig. 5 depicts the pro-
posed mechanism where the acceptance of the electrons from the
ascorbic acid by the photogenerated holes in the QD’s valence band
is the rate-limiting step as kasc is two orders of magnitude smaller
than kET. Furthermore, CdSe sensitizer showed a greater kasc which
was nearly 13 times higher than for CdTe. This fact is consistent
with the 13 times greater hydrogen production rate obtained with
CdSe than with CdTe. Therefore, it was concluded that the electron
transfer from the ascorbic acid to the QD was the primary rate-
limiting step in hydrogen production reactions.
Fig. 6 represents the energy diagram of both systems at pH 4.5.
The reduction potential of the [Fe-Fe]H2-asemimic was determined
by cyclic voltammetry as E1/2 ~ 0.68 V at pH 4.5 (Quentel et al.,ger operation times, and (b) catalyst reuse with CdSe.
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(Tu et al., 2017). Although it is energetically favorable for the
ascorbic acid to produce hydrogen directly, it was confirmed
experimentally that this redox reaction did not occur. For both
semiconductors, Fig. 6 illustrates the conduction and valence band
edge energies for CdSe and CdTe QDs adjusted for present particle
diameters considering the variability range found in literature.
(Jasieniak et al., 2011). Notably, the energy difference between the
oxidation potential of ascorbic acid and the valence band of the QD
is greater for CdSe than for CdTe, which is consistent with the
higher value of kAsc of CdSe with respect to CdTe. This causes a
comparatively greater driving force for the photoinduced electron
transfer from sacrificial agent to the CdSe.
Overall, the above experiments demonstrate that the rate-
limiting step for the hydrogen production in the QD-([FeFe]H2-
ase mimic)-(ascorbic acid) system is the electron transfer from the
ascorbic acid (sacrificial agent) to the valence band of the photo-
sensitizer characterized by the kinetic constant kAsc.
In an effort to assess the stability of the investigated catalytic
system, several selected experiments were carried out for the
duration of 24 h. According to Fig. 7a, CdSe reached a TON value of
100 while CdTe achieved a TON value of 3.5 after 24 h. The initial
TOF with CdSewas 6.5 h1 decreasing to 1.8 h1 after 18 hwhile the
initial TOF with CdTe was 0.5 h1 decreasing to 0.1 h1 after 18 h.
Therefore, hydrogen production rate decreased about 75% for both
materials in this period of time. Fig. 7b shows hydrogen production
with CdSe operating in different cycles. Cycle 1 shows hydrogen
production with a fresh catalyst. Hydrogen production rate
decreased to 1.8 h1after 18 h of reaction. Before starting cycle 2, a
purge with argon was carried out in the photoreactor to eliminate
any possible inhibitory effect of the product, as has been previously
reported (Corredor et al., 2020b). After this purge, the TOF was 1.7
h1, similar to the value at the end of cycle 1. Therefore, the
decrease in hydrogen production was not attributed to the
hydrogen inhibitory effect. Next, catalyst deactivation was exam-
ined by addition of 7.5$103 mMof fresh catalyst at the beginning of
cycle 3; hydrogen production recovered similar values to the initial
experimental conditions. Therefore, the decline and stop of
hydrogen production is attributed to the loss of catalyst activity.
4. Conclusions
In this work, we compare the photocatalytic performance of two
QD photosensitizers, CdSe and CdTe, in hydrogen production sys-
tems composed of a hydrogenase mimic catalyst and ascorbic acid
as sacrificial agent. CdSe QDs showed an overall better perfor-
mance. For these materials, the highest hydrogen production rate
was observed using 0.01 mM nanoparticle concentration, 200 mM
of ascorbic acid, and 0.1 mM of [Fe-Fe]H2-ase mimic (excitation
intensity ¼ 31 mW cm2 of 400 nm < l < 800 nm).
Quenching experiments revealed that the rate of electron
transfer from photosensitizer to the catalyst, kET, is of 2-3 orders of
magnitude higher than that of sacrificial agent/ photosensitizer
transfer process, kAsc. In particular, we found that kasc for CdSe was
13 times greater than that of CdTe. The ratio of hydrogenproduction
rates for the two materials, CdSe and CdTe, exhibited roughly the
same value (13:1), suggesting that the acceptance of the electrons
from the ascorbic acid by the photogenerated holes in the QD’s
valence band was the rate limiting step. A relatively greater value of
kasc for CdSe was attributed to the larger difference between the
oxidation potential of ascorbic acid and the valence band energy of
CdSe in comparison with CdTe. This conclusion suggests that
photosensitizers that enable faster sacrificial regenerations may
hold the key to improving the hydrogen production rate. Another
important area to be addressed by the future research is the long-7
term stability of hydrogenase mimic catalysts, which lost 25% of
catalytic activity after 18 h in present measurements.
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4. Conclusions and 
future perspectives




In this thesis different strategies have been adopted to overcome some 
challenges for the photocatalytic generation of hydrogen. The main 
objectives are: i) improving the performance of TiO2 photocatalysts with 
noble metal-free materials; ii) fabricating photocatalytic membranes based 
on immobilized rGO/TiO2 composites on Nafion membranes to facilitate 
separation and recovery of the photocatalyst from the treated solution after 
the photocatalytic process; iii) developing quantum dots (QDs) based 
photocatalytic systems with visible light activity. 
In order to achieve the first objective, TiO2 and graphene oxide (GO) 
composite materials were prepared with GO/TiO2 ratios from 1% to 10%.  
The stability of the composites was studied in methanol photoreforming 
experiments. 
Immobilization of rGO/TiO2 composites on Nafion polymeric membranes 
was carried out following three different simple methods: solvent-casting 
(SC), dip-coating (DP) and photocatalyst spraying (SP). The performance 
of the resulting membranes performances was evaluated in the 
photocatalytic generation of hydrogen. 
Finally, hybrid systems consisting of homogeneous biomimic [Fe-Fe]H2-
ase catalysts and chalcogenides QDs photosensitizers were studied in the 
generation of hydrogen under visible light. The comparison of CdSe and 
CdTe QDs photosensitizers was carried out. The stability of the 
photocatalytic system and the influence of the photosensitizer 
concentration were also studied. Specific conclusions drawn from the 





4.1.1. Photocatalytic hydrogen production 
First, a thorough literature review of photoreforming catalysts was carried 
out. This review revealed that although homogeneous and hybrid 
photocatalytic systems provided the highest hydrogen production rates, 
heterogenous systems are closer to the large-scale application due to the 
high stability of the semiconductor photocatalyst and the ability to be 
recovered from the treated solution. Nevertheless, the following challenges 
were identified: 
i) Although the highest hydrogen production rates have been 
achieved with homogeneous systems, the system stability is 
usually compromised due to the decomposition of the catalyst, the 
photosensitizer, or both. Hybrid systems combine homogeneous 
catalysts with semiconductor photosensitizers. Therefore, they 
would be a great alternative to overcome the low stability of 
homogeneous photosensitizers combined with the high 
performance of homogeneous catalysts. 
ii) Although noble metal catalysts and photosensitizers offer higher 
performances, avoiding the use of noble metals is currently 
preferred. In this way bio-inspired [FeFe]-hydrogenase mimics 
composed by noble metal-free material appear as promising 




4.1.2. Heterogeneous systems 
rGO/TiO2 composites were synthetized to improve TiO2 photoactivity. GO 
ratios from 1% to 10% in the rGO/TiO2 composites were studied and 
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compared with bare TiO2. Further composite immobilization on Nafion 
membranes was carried out by SC, DP and photocatalyst SP methods. The 
following conclusions were drawn: 
i) The combination of TiO2 with rGO improved the total amount of 
produced hydrogen. Among the studied GO ratios from 1% to 
10%, 2% of GO in the rGO/TiO2 composite showed the highest 
hydrogen production rates, however, the hydrogen production rate 
is similar to the rate achieved with TiO2. The inhibitory effect of 
accumulated hydrogen in the photocatalytic reactor was avoided 
by removing it with argon. 
ii) Photocatalytic membranes obtained by rGO/TiO2 SP and DP on 
Nafion membranes provided higher hydrogen production rates 
than SC because of the higher mass transport resistance that the 
sacrificial agent needed to overcome to contact the active sites in 
the latter membrane.  Moreover, SP method showed only 0.4% 
photocatalyst leaching after 80 h of operation, whereas DP 
leaching resulted in 4.8% for the same time. Therefore, SP seems 
to be the most effective method among the studied ones to 
immobilize the composite photocatalyst on Nafion membranes. 
iii) The study of the process at longer times, 96 h, showed a decrease 
of approximately 20% in the hydrogen production rate with 
suspended rGO/TiO2 catalyst. This could be attributed to further 
rGO reduction in the composite during the photocatalytic process. 
SP reused membrane also showed a decrease in the initial rate in 




4.1.3. Hybrid systems 
Hybrid systems were studied using biomimic [Fe-Fe]H2-ase, [Fe2(µ-1,2-
benzenedithiolate)(CO)6], as catalyst, CdSe or CdTe QDs as 
photosensitizers, and ascorbic acid as sacrificial agent under visible light 
irradiation. 
i) By drawing a comparison between the two photosensitizer QDs, 
CdSe showed higher hydrogen production than CdTe leading to a 
TOF (Turnover Frequency, molH2·molcatalyst-1·h-1) of 6.5 h-1, 13-
times higher than CdTe with a TOF of 0.5 h-1.  
ii) Emission quenching experiments revealed 1.55·1012 and 4.02·1011 
M-1·s-1 values of electron transfer rate from the photosensitizer to 
the catalyst (kET) for CdSe and CdTe, respectively. These 
experiments also revealed a value of 5.42·109 M-1·s-1 of electron 
transfer rate from the sacrificial agent to the catalyst (kasc) for the 
CdSe, 13-fold higher than for the CdTe with a kasc of 4.31·108 M-
1·s-1. The higher kasc was explained by the difference between the 
oxidation potential of ascorbic acid and the valence band energy 
of CdSe when compared to CdTe. kET is of 2-3 orders of magnitude 
higher than kasc indicating that the electron transfer from ascorbic 
acid to the photosensitizer was the rate-limiting step. This 
conclusion could be supported because the 13-fold ratio 
kasc,CdSe/kasc,CdTe coincided with the 13-fold higher hydrogen 
production rate with CdSe. 
iii) The photocatalytic system led to 75% reduction in the hydrogen 
generation rate after 18 h of process. New catalyst was added after 
this time and the hydrogen generation rate was recovered. This fact 
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confirmed that the decrease in the hydrogen production rate was 
due to the catalyst deactivation. 
4.1.4. Comparison between systems 
Table 4.1 collects hydrogen production rates of the studied heterogeneous 
and hybrid systems expressed in the same units although they were 
evaluated in different experimental setups. It should be specially remarked 
that heterogeneous systems were evaluated under UVA light irradiation 
while hybrid systems were evaluated under visible light irradiation. 
 
Table 4.1. Hydrogen production rates  










UVA Fluorescent lamp 
(315 nm < λ <400 nm) 
0.75 mW/cm2 




UVA Fluorescent lamp 
(315 nm < λ <400 nm) 
0.75 mW/cm2 
1.1 0.010 % 
Hybrid system 
Halogen lamp 
(400 nm < λ <800 nm) 
31 mW/cm2 
15476.2 12.320 % 
 
i) Hybrid system clearly showed the highest hydrogen production 
rates and apparent quantum yield with values 4 orders of 
magnitude higher than with the heterogeneous systems.  
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ii) Hybrid systems allowed working with visible light irradiation due 
to the narrow band gap of CdSe QDs, while heterogeneous systems 
needed UVA light to promote electrons from the valence band to 
the conduction band. 
iii) Heterogeneous systems exhibited longer stability showing a slight 
decrease in the production rate when using rGO/TiO2 and no 
decrease with bare TiO2 after almost one week of running time. 
The photocatalyst recovery after photoreforming would be easier 
than in homogeneous or hybrid systems, especially when the 
photocatalyst was immobilized on polymeric membranes. 
 
 
4.2. Future perspectives 
Hydrogen is a clean fuel and will be a game changer in global energy 
sectors. It is predicted that hydrogen will play a key role in shifting the 
global energy system towards a more sustainable one by 2050. Considering 
the future need and demand for hydrogen, it is important to find routes to 
produce it in a renewable way. Photocatalytic hydrogen production is 
among the routes to produce green hydrogen. This technology could be 
suitable for any location where the availability of an organic solution could 
act as sacrificial agent. However, several challenges need to be overcome 
before its large-scale application. In order to facilitate future research, the 
following guidelines have been drawn based on the knowledge 
accumulated during the development of this thesis: 
i) Although homogeneous and hybrid systems show higher hydrogen 
production rates than heterogeneous ones, heterogeneous systems 
seem to be more promising for large scale photocatalytic hydrogen 
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production due to their high photocatalyst stability. Up to our 
knowledge, only heterogeneous systems have been deployed at 
pilot plant scale so far. An additional advantage is the easy 
recovery of the photocatalyst or its immobilization on 
photocatalytic membranes. According to the obtained results in 
this thesis, the immobilized rGO/TiO2 showed 30% less hydrogen 
production rate than the suspended photocatalyst in the reforming 
of methanol but, the photocatalyst recovery and reuse was 
facilitated. Therefore, it should be evaluated what option is the 
most convenient. Future efforts should be done in developing 
effective noble metal-free photocatalyst semiconductors to 
improve hydrogen production rates in heterogeneous systems. 
Some promising strategies to achieve this objective could be 
coupling two semiconductors or doping a semiconductor 
photocatalyst with different elements. 
ii) Hybrid systems provide high hydrogen production rates, 
photosensitizer semiconductors show great stability, and the 
photosensitizers could be recovered or immobilized. These 
systems could be promising candidates if the challenge of catalyst 
stability is met. Although the catalyst is solubilized, it could be 
immobilized.  [FeFe]H2-ase mimic molecules could be promising 
catalysts because they are composed of earth abundant elements 
and they offer competitive hydrogen production rates and apparent 
quantum yield values. 
iii) Electron transfer from sacrificial agent to CdSe and CdTe QDs was 
determined as the rate limiting step. Therefore, future efforts 
should be focused on improving this electron transfer. Further 
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research in the interaction between the pairs of sacrificial agents 
and QDs ligands could help improving this electronic transfer rate. 
iv) The activity loss of the [FeFe]H2-ase mimic catalysts with 
operation time was demonstrated, thus, developing long-term 
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Conclusiones 
En esta tesis se han propuesto varias estrategias para solventar algunos de 
los desafíos que actualmente presenta la generación fotocatalítica de 
hidrógeno. Los objetivos principales son: i) mejorar el rendimiento del 
TiO2 combinándolo con materiales que no contengan metales nobles; ii) 
fabricar membranas fotocatalíticas de Nafion con fotocatalizadores de 
rGO/TiO2 para evitar la necesidad de una posterior recuperación del 
fotocatalizador de la disolución tratada después del proceso fotocatalítico; 
iii) desarrollar sistemas fotocatalíticos empleando puntos cuánticos (QDs) 
con actividad bajo luz visible. 
Con el fin de superar el primer objetivo, se combinaron partículas de TiO2 
con óxido de grafeno (GO) empleando relaciones de GO/TiO2 entre 1% y 
10%. La estabilidad del rGO/TiO2 durante el proceso de foto-reformado 
fue estudiada en disoluciones de metanol. La inmovilización del rGO/TiO2 
fue llevada a cabo a través de 3 sencillos métodos: solvent-casting (SC), 
dip-coating (DP) y spraying (SP). Se evaluó el rendimiento en la 
producción fotocatalítica de hidrógeno de las membranas fotocatalíticas 
sintetizadas. 
Finalmente, se estudiaron sistemas híbridos compuestos por catalizadores 
homogéneos biomiméticos [Fe-Fe]-hidrogenasa y empleando como 
fotosensibilizadores QDs basados en calcogenuros para la generación de 
hidrógeno empleando luz visible. Se llevó a cabo la comparación de QDs 
de CdSe y CdTe en su desempeño como fotosensibilizadores. La 
estabilidad del sistema fotocatalítico y la influencia de la concentración de 
los QDs también fueron estudiadas. A continuación, se muestran 
conclusiones más específicas extraídas de los resultados de esta tesis. 
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Producción de hidrógeno por fotocatálisis 
En primer lugar, se realizó una revisión bibliográfica sobre los 
catalizadores empleados para el foto-reformado. Esta revisión reveló que a 
pesar de que los catalizadores homogéneos e híbridos eran los que 
proporcionaban las mayores velocidades de producción de hidrógeno, los 
sistemas heterogéneos eran los que estaban más cerca de su aplicación a 
gran escala debido a la alta estabilidad de los semiconductores empleados 
como fotocatalizadores y su facilidad para ser recuperados de la disolución 
tratada. Se identificaron los siguientes desafíos: 
i) Aunque las producciones más altas de hidrógeno han sido 
alcanzadas con sistemas homogéneos, la estabilidad de estos 
sistemas está comprometida generalmente por la 
descomposición del catalizador, del fotosensibilizador o 
ambos. Los sistemas híbridos combinan catalizadores 
homogéneos con fotosensibilizadores semiconductores. Por lo 
tanto, estos serían una buena alternativa para superar el 
problema de la baja estabilidad de los fotosensibilizadores 
homogéneos combinados con el alto rendimiento de 
producción de los catalizadores homogéneos. 
ii) Actualmente se prefiere evitar el uso de los metales nobles a 
pesar del alto desempeño de los catalizadores y 
fotosensibilizadores que los contienen. En esta línea, las [Fe-
Fe]-hidrogenasas biomiméticas compuestas por materiales 
que no contienen metales nobles aparecen como 
fotocatalizadores prometedores debido a las altas velocidades 
de producción de hidrógeno que alcanzan. 
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Sistemas heterogéneos 
Se sintetizaron fotocatalizadores rGO/TiO2 para mejorar la fotoactividad 
del TiO2. Se estudiaron fotocatalizadores con relaciones rGO/TiO2 entre el 
1% y el 10%, y se compararon con el TiO2. Posteriormente se 
inmovilizaron en membranas de Nafion mediante los métodos de SC, DP 
y SP. Se obtuvieron las siguientes conclusiones: 
i) La combinación del TiO2 con el rGO mejoró la cantidad total 
de hidrógeno producido. Entre los porcentajes estudiados de 
GO en el rGO/TiO2, el 2% fue el que mostró una mayor 
producción de hidrógeno, sin embargo, la velocidad de 
producción de hidrógeno fue similar a la obtenida con el TiO2. 
El efecto inhibidor sobre la reacción producido por el 
hidrógeno acumulado fue eludido evitando la acumulación de 
hidrógeno con argón. 
ii) Las membranas fotocatalíticas fabricadas por SP y DP del 
rGO/TiO2 en Nafion proporcionaron mayores producciones de 
hidrógeno que las fabricadas por SC debido a que en esta 
última la resistencia a la transferencia de materia que tenía que 
vencer el agente de sacrificio para alcanzar los centros activos 
es mayor. Además, el método SP mostró sólo un 0.4% de 
lixiviación del fotocatalizador después de 80 h de operación, 
mientras que el método DP mostró un 4.8% para el mismo 
tiempo. Por tanto, SP parece ser el método más efectivo entre 
los estudiados para inmovilizar el rGO/TiO2 en membranas de 
Nafion. 
iii) El estudio del proceso a tiempos largos de operación, 96 h, 
mostró una reducción aproximadamente del 20% de la 
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velocidad de hidrógeno con el rGO/TiO2 en suspensión. Esto 
podría ser atribuido a una reducción adicional del rGO durante 
el proceso fotocatalítico. La membrana SP reutilizada también 
mostró una reducción de la velocidad de producción de 
hidrógeno respecto a la membrana sin utilizar. 
Sistemas híbridos 
Se estudiaron los sistemas híbridos irradiados por luz visible utilizando 
como catalizador [Fe-Fe]-hidrogenasas biomiméticas, [Fe2(µ-1,2-
bencenoditiolato)(CO)6], QDs de CdSe o CdTe como fotosensibilizador y 
ácido ascórbico como agente de sacrificio. 
i) Haciendo la comparación entre los dos QDs 
fotosensibilizadores, el CdSe mostró mayor producción de 
hidrógeno que el CdTe proporcionando un TOF 
(molH2·molcatalizador-1·h-1) de 6,5 h-1, 13 veces mayor que con el 
CdTe, con un TOF de 0,5 h-1. 
ii) Los experimentos de extinción de la emisión revelaron unos 
valores de velocidad de transferencia de electrones desde el 
fotosensibilizador al catalizador (kET) de 1,55·1012 y 4,02·1011 
M-1·s-1 para el CdSe y el CdTe, respectivamente. Estos 
experimentos también revelaron unas velocidades de 
transferencia electrónica del agente de sacrificio al catalizador 
(kasc) de 5,42·109 M-1·s-1 para el CdSe, 13 veces mayor que 
para el CdTe que mostró un valor de 4,31·108 M-1·s-1. La 
mayor kasc se explicó por la mayor diferencia entre el potencial 
de oxidación del ácido ascórbico y banda de valencia con el 
CdSe que con el CdTe. 
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iii) El sistema fotocatalítico sufrió una reducción en la generación 
de hidrógeno del 75% después de 18 h de proceso. Después de 
ese tiempo se añadió catalizador nuevo y se recuperó la 
velocidad de producción inicial. Este hecho confirmó que la 
reducción de la velocidad de hidrógeno fue debido a la 
desactivación del catalizador. 
Comparación de sistemas 
La Tabla 1 recoge los valores de producción de hidrógeno en las mismas 
unidades de los sistemas heterogéneos e híbridos estudiados, a pesar de que 
fueron evaluados en diferentes sistemas experimentales. Cabe destacar que 
los sistemas heterogéneos fueron evaluados bajo radiación UVA mientras 
que los sistemas híbridos fueron evaluados bajo radiación visible. 
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nm) 31 mW/cm2 
15476,2 12,320% 
Tabla 1. Velocidades de producción de hidrógeno 
1 
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i) El sistema híbrido mostró claramente la mayor producción de 
hidrógeno y rendimiento cuántico aparente con valores 4 
órdenes de magnitud superiores a los sistemas heterogéneos. 
ii) Los sistemas híbridos permitieron trabajar con luz visible 
debido al estrecho bang gap de los QDs de CdSe, mientras que 
los sistemas heterogéneos necesitaron luz UVA para 
promocionar los electrones desde la banda de valencia a la 
banda de conducción. 
iii) Los sistemas heterogéneos mostraron estabilidades más 
largas, llegando después de una semana de operación a una 
leve reducción en la producción de hidrógeno empleando el 
rGO/TiO2 y ninguna reducción al usar TiO2. La recuperación 
del catalizador después del foto-reformado sería más fácil que 
en los sistemas homogéneos o híbridos, especialmente cuando 




El hidrógeno es un combustible limpio y supondrá un cambio en el sector 
energético mundial. Para el año 2050 se predice que el hidrógeno jugará 
un papel clave hacia un sistema más sostenible. Teniendo en cuenta las 
necesidades y demandas futuras de hidrógeno es importante encontrar rutas 
para producirlo de forma renovable. La producción de hidrógeno por 
fotocatálisis es una de las rutas para producir hidrógeno verde. Esta 
tecnología podría emplearse en cualquier localización donde se encuentren 
disoluciones de compuestos orgánicos que puedan actuar como agente de 
sacrificio. Sin embargo, deben superarse varios desafíos antes de su 
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aplicación a gran escala. Las siguientes recomendaciones para 
investigaciones futuras han sido extraídas del conocimiento acumulado 
durante el desarrollo de esta tesis: 
i) Aunque los sistemas homogéneos e híbridos muestren 
producciones de hidrógeno más altas que los heterogéneos, 
estos últimos parecen ser más prometedores para la 
producción a gran escala debido a la alta estabilidad de los 
fotocatalizadores. Hasta donde sabemos, solo los 
heterogéneos han sido llevados a planta piloto. Una ventaja 
adicional es la facilidad de recuperación del fotocatalizador o 
su inmovilización en membranas fotocatalíticas. Según los 
resultados obtenidos en esta tesis, el rGO/TiO2 inmovilizado 
mostró una velocidad de producción de hidrógeno un 30% 
menor que el fotocatalizador suspendido en metanol, sin 
embargo, la etapa recuperación del fotocatalizador no sería 
necesaria y su reutilización es más sencilla. Por tanto, debería 
ser evaluada cual es la opción más conveniente. Los esfuerzos 
futuros deberían centrarse en desarrollar fotocatalizadores 
semiconductores que no contengan metales nobles para 
mejorar las velocidades de producción de hidrógeno en 
sistemas heterogéneos. Algunas estrategias prometedoras para 
alcanzar este objetivo podrían ser combinar dos 
semiconductores o dopar un fotocatalizador semiconductor 
con diferentes elementos. 
ii) Los sistemas híbridos proporcionan altas velocidades de 
producción, los fotosensibilizadores semiconductores 
muestran buena estabilidad y pueden ser recuperados o 
inmovilizados. Estos sistemas podrían ser buenos candidatos 
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si se consigue superar el desafío de la estabilidad de los 
catalizadores. El catalizador podría inmovilizarse a pesar de 
ser soluble. Las moléculas de [Fe-Fe]-hidrogenasa podrían ser 
catalizadores prometedores porque están compuestos por 
elementos abundantes en la naturaleza y ofrecen velocidades 
de producción de hidrógeno y rendimientos cuánticos 
competitivos. 
iii) La transferencia de electrones del agente de sacrificio hacia los 
QDs del CdSe y CdTe fue identificada como la etapa limitante. 
Por tanto, los esfuerzos futuros deberían centrarse en mejorar 
esta transferencia electrónica. Investigar en profundidad la 
interacción entre los pares de agentes de sacrificio y los 
ligandos de los QDs podría ayudar a mejorar esta velocidad de 
transferencia electrónica. 
iv) Se demostró la pérdida de actividad con el tiempo del 
catalizador [Fe-Fe]-hidrogenasa biomimético. Por tanto, el 
desarrollo de moléculas de [Fe-Fe]-hidrogenasas 
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ECB Conduction band potential 
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Fig. SM-1. [Fe-Fe]H2-ase mimic UV-Vis absorption spectrum. 































Plot of Peng’s correlations for CdSe and CdTe 
The size of the CdTe particles synthetized in this study was 2.95 nm. However, Peng’s 
correlation for CdTe was validated for particle diameter from 3.5 nm to 8.5 nm. 
Nevertheless, Navarrete et al. (Navarrete S. et al., 2019) compared diameter values 
obtained from TEM measurements of CdTe particles from 1.5 nm with the predicted 
values by these correlations and the deviation was as low as 10%. 
 
Fig. SM-2. QDs diameter calculated according to Peng's correlations for CdSe and CdTe. 
























Fig. SM-3. CdSe and CdTe absorption (black) and emission (red) spectra of: (a) CdSe-OA; (b) CdSe-






Fig. SM-4. Time-resolved photoluminescence decay spectra for (a) CdSe-OA, (b) CdSe-MPA, (c) 






Fig. SM-5. Number of excited CdSe particles versus the total number of CdSe particles in the 
solution. 
 




























CdSe particles in solution










































































Calculation of CdSe excited particles in the solution 
The number of photons which reach the solution could be obtained with eq. SM-3: 
PWall=Awall∙PA                                                 (equation SM-1) 











               (equation SM-3) 
PA: Irradiance measured with a photoradiometer (mW·cm-
2) 
PWall: irradiance that reached the reactor wall (mW) 
Awall: irradiated surface of the reactor wall (cm2) 
Psolution: irradiance that reached the solution (mW) 
Tglass:glass transmittance (dimensionless) 
Ephoton: Energy of a photon (J·photon
-1) 
c: speed of light in vacuum (m·s-1) 
h: Planck's constant (m2·kg·s-1) 
λp: λ of measurement of the photoradiometer   
Nºtotal photons
solution
:number of total photons that reach the solution (photons·s-1)  
The coefficient that allows calculation of the number of photons emitted by the lamp for 
each λ (K) can be calculated from Nºtotal photonssolution and lamp emission profile (Fig. 
SM-7). 
Nº total photonssolution=K∙ ∫ Em (λ)∙
λ=800 nm
λ=400 nm
dλ                      (equation SM-4) 
K: coefficient  
Em (λ):lamp emission profile measured with the detector 
 











The absorbance for each CdSe concentration was corrected subtracting the absorbance at 
600 nm because it was considered that the absorption at higher λ is due to the reflectance 
of the reaction medium.  
From the absorbance data: 
 
P(λ)=1-10-A(λ)         (equation SM-5) 
 
P(λ):absorbance probability at certain λ 
A(λ):Absorbance at certain λ (retrieved from Fig. SM-6) 
 
 
The number of excited CdSe particles was calculated from K·Em(λ) and P(λ) with 
equation SM-6: 
 
Nº excited CdSe particles= ∫ P(λ)·K·Em (λ)∙
λ=800 nm
λ=400 nm





Table SM-¡Error! No hay texto con el estilo especificado en el documento.1. Produced hydrogen 
after 3 h, hydrogen production rates and Kasc with CdSe and CdTe. [Photosensitizer]: 0.01 mM 
[Ascorbic acid]: 200 mM and [Fe2(µ-1,2-benzenedithiolate)(CO)6]: 0.1 mM, pH 4.5. 
 
Photosensitizer TON after 
3 h 
Total H2 after 







CdSe 18.3 7.3 6.5 2.6 5.42·109 





Table SM-2. TOF reported values in literature for aqueous systems with ascorbic acid as sacrificial 
agent, MPA-capped CdSe or CdTe QDs as photosensitizers and natural or biomimetic [Fe-Fe]H2-
ase as catalyst. 
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Fig. SM-8. UV-Vis absorbance spectra of 200 mM ascorbic acid solution. 
 
 
Stern-Volmer equation plots 
The quenching rate constant, when catalyst or ascorbic acid were added, was calculated 
with the Stern-Volmer equation: 
I0
I
=1+Ksv∙[Q]                                      (equation SM-7) 
I0
I
-1=kq∙τ0∙[Q]                                    (equation SM-8) 
I0: Fluorescence intensity without quencher 
I: Fluorescence intensity for a certain concentration of quencher 
Ksv: Stern-Volmer constant 
kq: quenching rate constant 
τ0: excitation decay lifetime 
[Q]: quencher concentration 
 






























Fig. SM-9. Stern-Volmer plots for different quencher concentrations. (a) Catalyst addition to 
CdSe-MPA solution; (b) Catalyst addition to CdTe-MPA solution; (c) Ascorbic acid addition to 
CdSe-MPA solution; (d) Ascorbic acid addition to CdTe-MPA solution. 
 
 
Table SM-3. Fitting parameters to Stern-Volmer equation 
Graph KSV (mM-1) R2 
A 4.07 0.99 
B 3.86 0.99 
C 1.42∙10-2 0.97 
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